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Summary
The aim of this research was to develop an instrument that fills a niche in geophysical
instrumentation for a tool that is fast, non-contact or minimal contact, and specifically
optimised for discrete, near-surface, electrically resistive targets in resistive and con-
ductive environments. This aim was sought to be achieved through the development of
a new Capacitive Array Resistivity with Inductive Source (CARIS) system.
Two CARIS systems were produced and thoroughly tested. A first prototype in-
strument CARIS-1, operating at 100KHz, was developed for proof of concept in the
laboratory and initial field testing. A second prototype CARIS-2, operating at 5kHz,
was developed for further fielding testing and trial mapping experiments.
Several major conclusions have been reached through the development and testing
of the CARIS systems. Firstly, the CARIS system can clearly detect objects in a
conductive homogeneous liquid, with high repeatability of data. This result reinforced
the concept of the CARIS method, and established the stability of the instrumentation
in laboratory environments. The approach was validated by close correlation between
measurements and modelling. Secondly, the CARIS system is able to measure responses
to near-surface conductivity variation in field conditions with high repeatability. Data
collected also showed spatial consistency with GPR, Resistivity and mapped culture.
1
It was determined that properties of the near surface, such as moisture content and soil
consolidation, can significantly affect the electrical homogeneity of the medium and thus
the uniformity of the background reading. The CARIS systems thus had a limitation
that they proved to be quite sensitive to variations of this nature. Thirdly, following
from the second conclusion, although the aim of the CARIS system was to detect the
presence of discrete buried objects, CARIS proved to be more responsive to the effects
of the burial process rather than the objects themselves. It was concluded therefore
that the method of excavation, burial, and refill material were of high significance in
CARIS interpretation. This conclusion was reinforced by the results of theoretical
modelling which showed that shallow boundaries of small conductivity contrast could
quite easily produce more significant anomalies than target objects which are deeper
and have higher contrast. It was determined that the system was best used for mapping
rather than profiling, as establishing correlations in responses across lines was essential
to make some sense of otherwise noisy data. It was also determined that the direction of
survey was significant with surveys in different directions resulting in different response
maps.
2
Chapter 1
Introduction
Geophysics can be described as a field of scientific endeavour that uses the methods
of physics and applies them to the study of the earth. Modern geophysics is used
widely for economic benefit by exploring deep into the earth for oil, gas, minerals and
other resources that would otherwise be hidden. However, geophysics is also commonly
utilised for many other applications with targets much closer to the surface.
Geophysical methods are practiced in a variety of disciplines based upon the physical
properties of the materials that are investigated. Some of these disciplines are seismol-
ogy, gravity, magnetics and electrical methods. The research presented in this thesis
can be classified as near-surface investigation using electrical methods.
3
CHAPTER 1. INTRODUCTION
1.1 Motivation and Application
The detection of near-surface targets has a diverse range of applications. Exploration
for near-surface geological features has economic significance, engineering and environ-
mental applications are also important. Some of the applications that use electrical
conductivity (or resistivity) to discriminate targets include:
• Archaeological detection of buried walls, structures, kilns, roads, aqueducts and
burial grounds.
• Civil and Engineering detection of faults, voids or cavities, tunnels, sinkholes or
road quality, pipes, PVC and steel.
• Environmental detection of groundwater, contamination and seepage or buried
tanks.
• Geological detection of faults, fractures, dykes, quartz veins or the definition of
unit boundaries.
• Forensic detection of burial areas, unmarked graves, remains or evidence.
• Unexploded Ordnance detection of plastic land mines or also electrically-conductive
bombs, shells or metal land mines.
Currently, a diverse range of electric, electromagnetic and magnetic geophysical
methods may be employed in the detection of near-surface targets such as those just
described. Electrically-resistive targets are particularly difficult to detect and will be the
subject of this thesis. The following literature review will outline various geophysical
methods with three specific aims in mind. Firstly, it will provide a theoretical and
4
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practical basis for the CARIS method by discussing the geophysical methods from
which it derives. Secondly, it will discuss limitations of current methods. Thirdly, the
results of this investigation will outline a niche that the CARIS instruments will attempt
to fill.
Initial motivation for this research was provided by the humanitarian necessity of
detection of small near-surface resistive targets in the form of plastic land mines. Need-
less to say, this was a narrow and ambitious aim for a notoriously difficult application
(Metwaly 2007), and a large amount of research has been applied to this problem with
little significant advance (Sato et al. 2004). As development of the instrument pro-
gressed, the aim broadened to a larger range of discrete electrically-resistive targets.
Despite a broadening of the scope of the project’s aim, there was no less motivation,
as applications for detection of a resistive object or strong conductivity contrast are
broad.
1.2 Geophysical Electric/Electromagnetic Background
1.2.1 Ground Penetrating Radar
The basis of the Ground Penetrating Radar (GPR) method is the detection at the
surface of an EM wave transmitted from the surface into the ground and then reflected
at boundaries of dielectric or conductivity contrast. The method is fast, low-contact,
and can operate at various frequencies and therefore have various depths of penetration.
GPR is used widely for many of the applications mentioned above (Daniels 2004, Annan
& Davis 1997). The major limitation of the GPR method is its restriction to favourable
5
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Figure 1.1: Ground-penetrating radar soil suitability map of conterminous mines (Doolittle
et al. 2007).Most of the USA has moderate to low potential.
resistive ground conditions. Due to increased attenuation of the transmitted signal as
the conductivity of the ground increases, GPR can quickly be rendered useless. The
major factors contributing to conductivity of the near-surface ground are clay content,
salt content (Doolittle et al. 2007) and a variety of other factors. This limitation of the
GPR method to non-conductive soils can be more significant than might be thought.
A suitability study by Doolittle et al. (2007), of GPR based upon the soil in the USA
illustrates the extensive environmental limitations placed upon the method (Figure 1.1).
Added to finite depth of penetration by attenuation in conductive environments are
limitations due to the fact that the method is fundamentally based upon the reflection off
boundaries of dielectric contrast of the transmitted EM signal. This means that GPR is
very effective for delineating layers in near-surface strata within the attenuation limits.
However, as reflectors become less regional and more discrete, such as in plastic land
mines, GPR becomes less and less effective. The problem becomes a frequency issue;
6
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the smaller the reflector, the higher the frequency needed to reflect off it. However, the
higher the frequency, the greater the attenuation, which means less effective depth of
penetration (Annan & Davis 1997).
Therefore, there is a window of effectiveness for GPR within which it is an effec-
tive instrument and outside of which it functions poorly. Nonetheless, GPR is often
attempted for tasks and in environments on the fringe or even outside of this window of
effectiveness, simply because there is no better alternative. There is a need therefore for
an instrument focused on discrete resistive objects that can operate within a conductive
regime.
1.2.2 Electrical Resistivity
The Electrical or Galvanic Resistivity method has had widespread use in exploration
geophysics since its early development almost a century ago (Schlumberger 1920). In
more recent times, the method has been applied to near-surface interests. The basic
method relies on the injection of a direct (dc) or a low-frequency alternating current
through electrodes and the measurement of a potential difference between separate
electrodes (Zonge et al. 2005, Dahlin 2001).
The galvanic resistivity method has been effectively applied to most of the near-
surface areas of application described above (Candansayar & Bas¸okur 2001). The
strength of the galvanic resistivity method is its sensitivity to planar vertical and hori-
zontal contrasts in subsurface resistivity. This has meant effectiveness for investigations
of layered strata and vertical contacts such as dykes, faults and also large structures
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(Telford et al. 1990). The definition of ‘large structures’ is of course relative to the res-
olution (electrode separation) of the survey. The smaller the structure, the smaller the
electrode separation required, which then affects the depth of penetration and restricts
small structure surveys to nearer the surface.
There are two major limitations of the galvanic resistivity method. The first is
that due to the nature of the injected current (and hence the associated electric field,
E), the method is not good for determining discrete bodies of irregular shape (Telford
et al. 1990). The second major limitation is the speed and mobility of surveying. This
problem becomes more acute as the targets become smaller. A finer grid spacing with
high resolution means more lines and smaller electrode separations are necessary over
relatively large areas such as a mine field or an archaeological site, with survey time
varying as the inverse square of the electrode spacing.
It is this second limitation of the galvanic resistivity method that is addressed by
the development of towed arrays and the capacitively coupled arrays. The significance
of this problem and the desire to solve it correspond to the gathering momentum of
research going into these areas in the past 20 years. Towed arrays attempt to speed up
surveying by using wheels and spikes to maintain ground contact while continuously
moving an array of limited size. Various methods and forms of towed arrays have been
developed, mainly aimed at applications where shallow penetration is required over a
relatively large area, such as archaeology or soil management (Panissod, Lajarthe &
Tabbagh 1997, Panissod, Dabas, Jolivet & Tabbagh 1997, Panissod, Dabas, Florsch,
Hesse, Jolivet, Tabbagh & Tabbagh 1998, Tabbagh et al. 2000, Christensen & Sorensen
2001).
The Capacitive Resistivity (CR) methods attempt to solve the time-intensive sur-
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vey problem by replacing the low-contact towed arrays with non-contact capacitively
coupled electrodes. In this format, the electrodes can be simply dragged on or just
above the surface of the ground. The theoretical principle behind the the CR method
essentially parallels that of the galvanic contact resistivity method with both sharing
a generic-equivalent electrical circuit model (Kuras et al. 2006). The close tie between
the two methods is described by Kuras et al. (2006) who summarise the objectives of
the CR method as: to emulate the dc measurements so that popular dc survey tech-
niques can be used with CR, and: to ensure that apparent resistivities determined
in this fashion comply with established dc interpretation schemes. Various instru-
ments have been developed with the purpose of emulation of galvanic resistivity as the
goal (Kuras 2002, Panissod, Dabas, Hesse, Jolivet, Tabbagh & Tabbagh 1998, Shima
et al. 1996), with the Geometrics OhmMapperTM being an example of a commercially
available CR system.
The development of CR has made large steps in solving or a least improving the ef-
ficiency of resistivity data collection. However the basic methodology has not changed,
and therefore the broader methodological weakness of being less sensitive to discrete
objects and more sensitive to layers or vertical contacts remains. Also, the CR method
can introduce further data quality limitations that were not as significant for the gal-
vanic contact resistivity method, such as poor signal-to-noise ratio in electrically noisy
areas (Lee et al. 2002).
1.2.3 Electromagnetics
Electromagnetic (EM) methods in geophysics have widespread use in a diverse range
of applications. The primary application of EM methods is the detection and map-
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ping of conductive materials (Sharma 1997). In near-surface geophysics some of these
applications may be ground water contaminates, storage tanks, unexploded ordnance
(UXO), pipes, reinforcing or cables. An extensive summary of published material and
near-surface applications is given by Fitterman & Labson (2005).
In brief, the EM method introduces a time-varying EM field through a current-
carrying transmitter loop. When this field interacts with subsurface conductive material
a secondary current is induced, and this current in turn induces a secondary EM field,
which can be measured on the surface with a secondary receiver loop. This method
has great strengths for detecting discrete or non-discrete subsurface conductors but
is relatively insensitive to subsurface resistors. This lack of sensitivity is due to the
fact that it is the magnetic component of the EM field that induces current flow in
subsurface conductors (Fitterman & Labson 2005). If the subsurface object were an
insulator or resistive, then no current or only a small current can be induced in the
object, resulting in little if any secondary response. EM methods do have strengths
over resistivity methods, in that the exciting EM source does not need to be physically
connected to the ground (McNeill 1990). It is therefore immune to difficulties that
resistivity methods experience generating current flow in highly resistive areas, and EM
data is usually much faster to acquire.
1.2.4 Instrument Niche
The CARIS method developed in this research attempts to fill a niche that exists in
geophysical instrumentation that none of the methods just discussed effectively fill.
To generalise, conventional galvanic resistivity is slow, and weakly responsive to small
near-surface discrete targets. Towed-array and capacitively-coupled resistivity has sped
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up the collection of data but still remain weakly responsive to small near-surface ob-
jects. EM methods, though very effective for detecting near-surface discrete conductive
targets in highly resistive environments, are blind to small resistive targets or poor
conductors such as plastics. The GPR method, though very effective for determining
sub-horizontal layer boundaries based upon changes in dielectric properties, is some-
what limited when considering small discrete targets and rendered entirely useless in
conductive soil environments.
This analysis suggests that there is an express need in the suite of geophysical
instrumentation for a tool which is fast, non-contact or minimal contact, and responsive
to near-surface discrete resistive (and conductive) targets in resistive and conductive
environments. A tool such as this can complement the existing geophysical methods of
GPR, Resistivity and EM in near-surface applications. The CARIS methods seeks to
achieve this aim and fill this niche.
1.3 CARIS Method and Induced Field Resistivity
The CARIS method developed in this research has areas of overlap with the background
methods discussed in application but also in theory. However, the CARIS method is
distinctly a different method to all those already discussed. The CARIS in relation to
other geophysical methods can be best described as a combination of EM and Capacitive
Resistivity. The CARIS method utilises the induced transmitter of primary signal
similar to that of Electromagnetic methods, but rather than using a magnetic field
or coil receiver, it utilises capacitively-coupled sensor plates to measure a potential
difference at the surface. Therefore the significantly divergent characteristic of the
CARIS method from the EM method is its interest in the electric component of the
11
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field rather than the magnetic field component.
Although the CARIS method and instrument is new, it does have some geophysical
heritage. Experiments in Inductive Source Resistivity (ISR) date back to Lamontagne
(1975), but were first specifically named as such in the literature by Macnae & Irvine
(1988) when UTEM instrumentation and loop source were combined with grounded
electric field receivers for gold mineralization exploration. This research highlighted the
advantage of the ISR over conventional resistivity when surface resistivity is low. Since
conventional injected currents are directly proportional to the ground resistivity, low
resistivity results in a low voltage response. However, induced circulating currents are
induced to flow parallel to and underneath the resistive surface and are independent of
the surface resistivity structure. Further advantageous applications of the ISR method
over the conventional resistivity method were shown in a subsequent study by Macnae
et al. (1989). In this study, it was shown that an inductive source required current to
flow beneath large conductors and resistive overburdens where conventional resistivity
was not successful. Results were presented as a relative resistivity showing resistive
areas as low responses and conductive areas as high responses.
The ISR instrumentation was developed further to incorporate capacitive electrodes
(Macnae & McGowan 1991). This method used a large fixed transmitter loop and
moving of capacitive sensors along a profile line. In terms of survey mobility, the
benefits of the capacitive system were clear, such as use in winter surveys with frozen
ground and deep snow cover. These systems have potential for development in mobile
survey conditions. Further experimentation with capacitive electrodes pertaining to
application in Induced Polarisation (IP) and Resistivity was performed by Lu (1999).
This research showed that significant difficulties exist in large capacitive electrodes
from unwanted capacitive coupling with external sources, particularly ground wires.
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The need for shielding was apparent.
From this geophysical background, the Capacitive Array Resistivity with Inductive
Source (CARIS) method was developed. The CARIS methodology is therefore different
from other capacitive resistive methods, which attempt to emulate conventional galvanic
resistivity measurements. The CARIS method does not attempt such an emulation but
rather, through generating current movement in the ground inductively, seeks to provide
a means of determining relative contrasts in ground resistivity.
1.4 Outline of Thesis
This thesis is broadly structured under four main categories. These categories are:
(i) theoretical basis of the CARIS method and development of a theoretical modelling
method, (ii) development and description of CARIS instruments, (iii) results obtained
from CARIS instruments and modelling and (iv) conclusions. Each chapter mainly
addresses one of these broader categories within the scope of the aim already outlined
(Section 1.1). The subsequent chapters of this thesis are outlined as follows.
Chapter 2 provides the theoretical background for the CARIS method in the context
of its Electromagnetic foundations. An outline of Induced Electric Field theory is
provided and the inductive framework in which the CARIS instruments operate. A brief
summary of Galvanic Electric Field theory establishes the connections of the CARIS
method to electrical resistivity methods and more recent capacitive electrical resistivity
methods. A brief discussion of the relation of the electric field theory to magnetic field
theory is also included.
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Chapter 3 provides a general discussion of the theoretical basis for the discrete mod-
elling method employed to model CARIS instruments response.
Chapter 4 provides an overview of the CARIS system. It introduces the system
concept and development and describes each part of the whole system.
Chapter 5 presents results from the discrete modelling method. It introduces and
describes the variables, generalisations and limitations of the computational modelling.
It examines the significance and extent of relevant variables in the practical development
of the CARIS systems and the interpretation of CARIS data.
Chapter 6 presents the results of trials of the working CARIS system. It presents
a series of developmental trials and preliminary tests which show through results and
analysis the evolution of the CARIS instruments.
Chapter 7 presents results of the developed CARIS systems. It seeks to determine
the effectiveness, application, limitation and possibility through a series of field tests.
Chapter 8 provides a case study of an archæological site, Caracalla Baths, in Rome,
Italy acquired in July 2008. It shows CARIS results and compares results with a
resistivity survey done over the same area.
Chapter 9 explores the implications of CARIS research and concludes the thesis.
A key concept developed in this thesis is that, in the production of an object detec-
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tion system there are three significant factors which contribute to the measured response
of an instrument, and each must be considered. These three contributing factors are,
the object response, the object burial response, and the background response.
Object Response The object response is obviously the most desired response. It is
the response signal that is a direct result of the presence of the object. This is
ultimately the only signal that is necessary to determine the presence of an object
or target. However, this response may not be the only source of a signal to which
the detection system responds.
Object Burial Response The object burial response is a less desired response. It
is the response signal that is a direct result of the impact upon the ground by
the burial of the object. The impact arises from replacement of pre-existing
consolidated layers with mixed or unconsolidated material, which invariably are
not organised to replicate the original strata. Often, external materials such as
road metal or gravel may be introduced to facilitate drainage. Burial response
is therefore intrinsically linked to the objects presence but its source is not the
object itself.
Background Response The background response is the naturally occurring response.
It is the response of an area prior to burial of an object. Is it distinct from the
presence of an object and may be affected by various changes in the environment
the instrument is surveying. It is not a constant response, since the earth and its
surface are never completely homogeneous.
The significance of each of these contributing factors to the response signal was devel-
oped and understood throughout the experimentation process. These responses will be
referred to and developed at various stages throughout this thesis.
15

Chapter 2
Background
The Capacitive Array Resistivity with Inductive Source (CARIS) method with regards
to conventional methods has its foundations in the electromagnetic (EM) and electrical
resistivity methods. This chapter will provide the context and the theoretical founda-
tions of the electromagnetic and electrical resistivity methods pertinent to the CARIS
method.
2.1 Electromagnetic Foundations
The EM Induction method is well established and widely used in many geophysical
applications in both the near-surface and the exploration contexts. A comprehensive
theoretical description of the EM method has been given by various others such as Ward
& Hohmann (1987). The principal aspect of the EM method pertinent to the CARIS
method is the production of the primary EM field through an inductive loop. Unlike the
conventional EM method where the primary concern is the production and detection
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of the magnetic component of the EM signal, the CARIS method is concerned with the
electric component.
The fundamental principles of the EM theory are described in Maxwell’s equations.
These along with other associated relationships describe the interaction of the vectors
B, H, E, D and J. These vector quantities are defined as (Grant & West 1965);
B = the magnetic induction in Teslas,
H = the magnetic field intensity in ampere-turns per meter,
E = the electric field intensity in volts per meter,
D = the electric displacement in coulombs per square meter,
J = the electric current density in amperes per square meter,
The associated scalar physical parameters of the medium are ρ, µ and ǫ being
the electric charge density, the magnetic permeability and the dielectric capacitivity
or permittivity respectively. Maxwell concisely relates these in the four fundamental
equations of EM theory;
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∇ ·E =
1
ǫ
ρ, (2.1)
∇×E = −
∂B
∂t
, (2.2)
∇ ·B = 0, (2.3)
∇×B = µJ+ µǫ
∂E
∂t
. (2.4)
In addition to these, there are three other relationships of importance called the
constituent equations;
B = µH, (2.5)
D = ǫE, (2.6)
J = σE, (2.7)
where µ, ǫ and σ of the medium are the magnetic permeability, electric permittivity
and the electrical conductivity, respectively.
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2.2 Induced Electric Field Theory
The most pertinent area of EM theory relating to the CARIS method is the nature of an
electric field induced by a current-carrying loop. In all forms of geophysical application
of the EM method, whether exploration or near-surface, the initial exercise is the pro-
duction of a primary field, consisting of a magnetic and electric component (Figure 2.1).
Figure 2.1: Electromagnetic Field Components of a current loop
Generally, in these applications of the basic EM method, it is the magnetic compo-
nent of the field which is usually considered, as it induces eddy currents in subsurface
conductors resulting in a secondary magnetic field measured at the surface (Figure 2.2).
Figure 2.2: Basic Electromagnetic Method
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However, for the purposes of the CARIS method, it is the electric component of the
field which is of most interest. The E-field vector component, from the above relation-
ship (Equation 2.7), is in the same direction as the current circulating in the loop, but
is only induced by time-varying currents.
2.2.1 Electric Field of Horizontal Loop
There are almost as many primary-field loop configurations used in geophysical EM
practice as there are instruments. However, the basic method of field generation for
most instruments remains consistent. An alternating or transient current is passed
through a loop of wire resulting in the generation of an associated magnetic field. The
frequency and type of signal is dependent upon the particular application and environ-
ment.
The relationship between a steady current I in a length of wire consisting of line
segments dl and the resulting magnetic field is defined in the Biot-Savart law,
B =
µ0
4π
∫
I× r
r2
dl, (2.8)
where r is the vector to an observation point not on the wire.
A further vector quantity, the magnetic vector potential A, can be introduced in
order to present both B and E in terms of the current passing through the loop. The
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curl of the magnetic vector potential is equivalent to the magnetic field,
B = ∇×A, (2.9)
and related to E through Equation 2.2,
E = −
∂A
∂t
. (2.10)
The magnetic vector potential itself is defined as,
A =
µ0I
4π
∫
1
r
dl, (2.11)
Therefore both the B and E components of the EM field can be related to the
current in the wire and the position r relative to the wire. The B-field is given by
Equation 2.8 and the E-field, by,
E = −
∂
∂t
µ0I
4π
∫
1
r
dl. (2.12)
2.2.2 Air-Earth Boundary Conditions
The air-earth interface plays a significant role in determining the nature of the subsur-
face E-field, and can be the major consideration in the contrast in conductivity between
the two media. The conductivity of dry air is generally considered to be of the order of
10−14 S/m (Macnae 1981) and the conductivity of the earth, soil and rocks can range
from 10−5− 101 S/m (Ward 1990). The conductivity contrast at the air-earth interface
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is therefore large enough (> 109)to be considered infinite. Price (1950) has described
the nature of the transmitted inductive E-field from a source in the air entering into a
plane bounded layered earth. Price showed that the resulting E-field anywhere within
the earth consists purely of horizontal components(Ex and Ey). There is no vertical
component (Ez) of the E-field in the earth. This condition holds even if the field in
the air has a vertical component. The production of a purely horizontal primary field
means that the ground E-field is not affected by layering. As such, the boundary condi-
tions become more complicated, introducing a vertical component when the normal to
the surface is not vertical (i.e. there is local topography). This effect will be discussed
further and compared with other methods in Section 2.4
2.3 Inductive Theory
2.3.1 Quasi-Static Assumption
The quasi-static approximation is valid at most EM frequencies of interest and as-
sumes that displacement currents are small compared to conduction currents and can
effectively be ignored (Fitterman & Labson 2005). From Equation (2.4) and the rela-
tionships (2.5), (2.6), (2.7), the curl of the magnetic field intensity is described as the
sum of the current density and the time varying displacement current:
∇×H = J+
∂D
∂t
. (2.13)
Under conditions in free space where the frequency of the EM field is such that it
has a wavelength considerably greater than the geometry of the transmitter-receiver
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separation, the magnetic field is considered to be varying so slowly that the relative
difference in response signal with respect to time is insignificant (Figure 2.4). Under
these conditions,
J >>
∂D
∂t
, (2.14)
therefore since J is much greater, ∂D
∂t
can be considered negligible so,
∇×H = J. (2.15)
Figure 2.3: A Quasi-Static Regime where at characteristic survey distance dTR (ie. sensor-
receiver spacing) is much less than the wavelength.
2.3.2 Resistive Limit Assumption
The quasi-static assumption naturally leads to a discussion of the resistive limit as-
sumption. The concept of the resistive limit electric (RLE) field has been discussed by
various others (Macnae 1981, Annan et al. 1996, Reid & Macnae 2002), particularly
with reference to exploration and Airborne Electromagnetic (AEM) studies. The resis-
tive limit is conventionally the expected EM electric field response at the observation
point as excitation frequency tends to zero. Its mathematical representation is dif-
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ferent for frequency-domain EM (FEM) or time-domain EM (TEM) systems (Macnae
et al. 1999). Some further modifications (West et al. 1984) can be made to Maxwell’s
governing equations under the resistive limit conditions. In the time domain, the re-
sistive limit implies that under a constantly ramped loop current, the induced eddy
currents in the ground will eventually become constant and therefore can be considered
time invariant and to adhere to descriptions of a direct current system.
In the environment of the transmitter loop where conductors are present, the induced
current J can be considered as consisting of two parts,
J = JP + JS (2.16)
where JP is the primary current density resulting from the electric field of the loop and
JS is the induced secondary current density. Likewise the magnetic and electric fields
are constituted by the same components. So,
H = HP +HS (2.17)
E = EP + ES, (2.18)
and then Equation (2.15) becomes,
∇×H = JP + JS (2.19)
Due to the fact that the induced secondary currents are a consequence of the total
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electric field everywhere except at the loop, we have,
JS = σET, (2.20)
therefore,
∇×HT = JP + σET. (2.21)
Considering the change of these quantities over time, the time derivative can be intro-
duced,
∇×
∂HT
∂t
=
∂JP
∂t
+
∂JS
∂t
. (2.22)
However, under the resistive limit assumption a constantly ramped current in the
loop will result in the induced currents in the ground moving to a time invariant state.
That is,
∂JS
∂t
−→ 0, (2.23)
as the current is ramped and ∂JS
∂t
will eventually become negligible. Under these con-
ditions JS and therefore E effectively becomes decoupled from H. Thus there remains
a constantly induced current in the ground, however, it is time-invariant and can be
described effectively in terms of a dc situation (West & Edwards 1985),
ES =
JS
σ
. (2.24)
In this condition electrical permittivity effects also become negligible. Although
different electrical permittivities may exist in an environment they do not result in a
change in the resultant E-field. Their effect is only to change the amount of charge
required to accumulate on the boundary to generate the E-field ((Macnae 1981) or
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(Grant & West 1965)).
This condition is the electrical equivalent of the magnetostatic limit, under which
the time invariant magnetic field that results from the induced current of constant
value cannot be directly detected by a surface coil. Figure 2.4 shows the response to a
ramped current of the magnetic field with time. The resistive-limit reached when the
field becomes constant in sampling window one.
Figure 2.4: The relationship between the ramped transmitted waveform, the received waveform
and the secondary magnetic field at various time windows.(West et al. 1984)
2.3.3 Skin Depth
The skin depth (δ) is defined as the depth at which an EM wave penetrating a medium
has attenuated by a factor of e−1 of the initial wave amplitude. The skin depth can be
27
CHAPTER 2. BACKGROUND
determined as a function of the conductivity of the medium σ, the magnetic permeability
µ and the frequency f or angular frequency (ω) of the EM wave ((McNeill 1980)),
δ =
(
2
ωµσ
) 1
2
= 503.29
(
1
fσ
) 1
2
. (2.25)
Related to the skin depth is the induction number (B) which relates the geometrical
size (L) of the system to the skin depth (McNeill 1980),
B =
L
δ
. (2.26)
The conditions under which the quasi-static assumption holds and induction effects
become significantly large (Kuras et al. 2006) are those where,
B2 ≪ 1. (2.27)
The skin depth of the system in the environment of interest is an important param-
eter to determine, both for system design and also for possible depth of investigation.
Regarding system design, the skin depth determines the distance range that sensors
can be placed in order that a sufficiently large signal will be maintained under a range
of different environments whilst maintaining a quasi-static regime. Regarding depth
of investigation, it provides a range of depths within which the EM signal will have
an influence and interact with buried objects. These distance parameters for both the
CARIS-1 and CARIS-2 systems were considered for extreme ranges of environment
(Table 2.1).
It is clear that in a resistive environment the skin depth is very large. In conductive
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Table 2.1: Skin depth ranges for CARIS-1 and CARIS-2 Systems
CARIS-1 CARIS-2
100 kHz 5 kHz
Conductive Clay (1 S/m) 1.6m 7.1 m
Resistive Quartzite (10−5 S/m) 503m 2250 m
environments the skin depth is drastically reduced. These figures restrict the maximum
transmitter-sensor separation. Therefore, to be well within this range over clays, the
100 kHz system separation must be limited to have a separations less than 1m and
below 6m for the 5 kHz system.
2.4 Galvanic Electric Field Theory
2.4.1 Conventional Electrical Resistivity
Both the electrical resistivity and EM methods measure the response of an introduced
electric field in the subsurface. They differ with respect to the method used to generate
the electric field and hence the resultant sensitivity of the two methods is vastly differ-
ent.
Resistivity methods introduce an electric field in the subsurface through injecting a low-
frequency alternating current via electrodes (Zonge et al. 2005). Like the induced field
method, resistivity methods can operate in both time-domain and frequency-domain
modes and are often coupled with Induced Polarisation (IP) measurements. The low
operating frequency, resulting in low or zero induction number, allows the system to
operate within the quasi-static assumption (Section 2.3.1), and the system can effec-
tively be treated as dc signals. An impedance of the earth is determined through the
ratio of a measured voltage and an input current (Ward 1990).
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A common two-dipole arrangement is shown in Figure 2.5. In a homogeneous half-
space, the current density at a distance (r) resulting from a current input (I) at a point
is,
Jr =
I
2πr2
(2.28)
and according to 2.7;
Er =
Jr
σ
(2.29)
or in terms of resistivity since ρ = 1
σ
,
Er = Jrρ. (2.30)
This relationship is commonly expressed as Ohm’s Law, which in this case is,
V =
Iρ
2πr
, (2.31)
and in a double dipole system (Figure 2.5),
∆V =
Iρ
2π
(
1
r1
−
1
r2
−
1
r3
+
1
r4
)
. (2.32)
Figure 2.5: A double dipole geometry
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This expression is usually simplified for resistivity to,
ρ =
∆V
I
·K, (2.33)
where K is a geometrical factor. The geometrical factors for different geometrical arrays
are summarised in Ward (1990).
The electrical resistivity method has been diversely employed since its inception in
the 19th century. Zonge et al. (2005) provides an outline of the many applications in
the near-surface geophysics domain. Broadly speaking, these cover applications in areas
such archaeology, forensics, groundwater, cavity, engineering and soil quality. There are
also larger-scale applications employed in exploration geophysics.
2.4.2 Capacitive Resistivity
For the purpose of providing a background to the development of the CARIS method,
the discussion should turn to the capacitive resistivity (CR) method. Kuras et al. (2006)
has provided a useful and thorough theoretical comparison of the conventional resistivity
method and the CR method. The CR technique, similar to the conventional resistivity
method, consists of two electric dipoles. An oscillating non-grounded dipole is used as
a source to generate current flow in the ground, and another dipole is used to measure
the resulting similarly oscillating potential on the surface. As in the conventional dc
method, it is important in the CR method that the system operate at a frequency which
results in a low enough induction number, for the quasi-static assumption (Section 2.3.1)
to remain valid and for measurements to be treated in an essentially dc fashion (Kuras
31
CHAPTER 2. BACKGROUND
Figure 2.6: Adapted from (Kuras et al. 2006), showing equivalent circuit models for a generic,
conventional dc and a capacitive resistivity measurement.
et al. 2006).
Figure 2.6 shows a comparison of resistivity measurement circuits of the dc and the
CR methods. The contact impedance of the potential and current electrodes in the case
of the dc method is predominately ohmic; however, in the case of the CR method the
impedance is predominately capacitive. This is the major difference between the CR
method and conventional dc resistivity. Many parallels exist between the two methods
because they essentially have the same operational basis with different instrumenta-
tion, since capacitive resistivity is designed to emulate data collected from conventional
resistivity methods (Kuras et al. 2006).
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Theoretical Basis for Modelling of
Discrete Objects
3.1 Primary Field Determination
In order for the response field to be determined, the driving or primary field must first
be well defined. The primary electric field due to a finite wire can be derived by various
means. Here, a wire is considered as a line current and the primary electric field is
derived through the magnetic vector potential A (Griffiths 1989),
A =
µ0
4π
I
∫
1
r
dl, (3.1)
where I is the current in the direction dl, a the segment of the wire, r is the scaler
distance from a point on the segment dl and µ0 is the permeability of free space. Both
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A and I are time varying quantities such that,
∂A
∂t
=
µ0
4π
∂I
∂t
∫
1
r
dl. (3.2)
The primary electric field E can be defined via the magnetic vector potential to be,
E=−
∂A
∂t
. (3.3)
Therefore the electric field is determined as,
E = −
µ0
4π
∂I
∂t
∫
1
r
dl. (3.4)
The definite solution of the integral equation between two points A and B on a line
carrying a current and an observation point P is,
E = −
µ0
4π
∂I
∂t
log
(
|rA − rP|
|rB − rP|
)
, (3.5)
where rA and rB are the vectors of points at either end of the segment of current
carrying wire and rP the vector of point P.
A closed loop of wire can be considered as a series of finite lengths of wire. For a
simple case of a finite length of wire between two points A and B forming a line parallel
with x-plane (Figure 3.1a), the electric field at a point P when a constantly varying
current is applied to the wire can be calculated using,
Ex = −
(
dIµ0
4π
)
log
(
PB + (Px − Bx)
PA+ (Px −Ax)
)
, (3.6)
where PA and PB are the scalar distances between points P and A and B respectively
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and Px, Ax and Bx are respectively the x-coordinate value of the points P, A and B.
If the wire is considered to be sufficiently thin so that any end of wire effects are
considered negligible, the resultant field vectors are entirely in the x-component with
no y-component. The resultant field for an equivalent wire parallel with the y-plane
(Figure 3.1b) is determined similarly,
Ey = −
(
dIµ0
4π
)
log
(
PB + (Py − Cy)
PA+ (Py −By)
)
. (3.7)
From these basic formulations it becomes trivial to combine the four finite length
components to form a square loop (Figure 3.1c) or any other another straight-sided
loop, and the electric field at any point P not on the loop is derived as a simple vector
sum.
Figure 3.1: Primary Field Components of a Loop
3.2 Boundary Conditions
The electric field, due to a loop on the surface, has now been defined everywhere in
a uniform half-space. Consideration must be given to the boundary conditions which
exist at the interface of an object with contrasting dielectric properties in the half-space
under the influence of the loop E-field (Figure 3.2). These boundary conditions are the
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fundamental basis for determining the response of the electric field due to a particular
object.
E
ε σ1 1, ε σ2 2,
Figure 3.2: Basic Geometry
The boundary conditions of this type of interface environment are well documented
(Grant & West 1965) being deduced from Maxwell’s equations (2.1, 2.2, 2.3 and 2.4).
Even though we are concerned primarily with the E-field, the H-field will also be
considered with respect to the boundary conditions for the sake of completeness. At
an interface (Figure 3.3) where σ or µ are continuous, E and H will respectively also
be continuous. Conversely, where σ or µ are discontinuous, E and H will also be
discontinuous. Four fundamental conditions follow (Grant & West 1965). First, that
Figure 3.3: Half-Space Object Interface
the tangential E-field to the interface is continuous,
n× (E1 −E2) = 0. (3.8)
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Second, that normal current density is continuous at the interface,
n · (σ1E1 − σ2E2) = 0. (3.9)
Third, that the tangential H-field is continuous,
n× (H1 −H2) = 0. (3.10)
Fourth, that the flux density normal to the interface is continuous,
n · (µ1H1 − µ2H2) = 0. (3.11)
With these boundary conditions established, the response at the boundary due to the
primary field generated at the surface can be quantified.
3.3 Secondary Field Determination
3.3.1 Discretisation
The surface of large regular object such as a sphere, oblate or prolate spheroid, cylinder
or box (Figure 3.4) can be discretised into a number of small areas such as squares.
For each discrete square A,B,C,D are points which define a discrete area and N is the
discrete cell node in the centre of the area, all of which are in (X, Y, Z) space. Figure
3.5 describes two discrete cells where Ai and Aj are the areas of the cells, ni and nj are
the unit normals and dij is the distance between the nodes of the two cells.
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Figure 3.4: Discretised Block
Figure 3.5: Geometry between discrete cells
3.3.2 Discrete Charge Density
For the time being, only one cell is considered. Let E1·nˆ and E2·nˆ be the normal electric
fields on either side of the interface (Figure 3.6) one in one medium of conductivity σ1
and one in the other of conductivity σ2.
From the continuity of current density boundary condition (Eq.3.9) it follows that,
σ1E1 · nˆ = σ2E2 · nˆ, (3.12)
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Figure 3.6: Electric Fields at an Interface
at the interface.
In addition, from Gauss’ Law (Maxwell’s First Equation, given in differential form),
∇ · E =
ξ
ǫ0
, (3.13)
where ξ = the surface charge density on the discrete area, it follows that,
(E2 −E1) · nˆ =
ξ
ǫ0
. (3.14)
From these two relationships (Equation 3.12 and Equation 3.14), solving for ξ (Macnae
1981),
ξ = ǫ0
(
σ1 − σ2
σ1 + σ2
)
(E1 + E2) · nˆ, (3.15)
which can then be simplified to,
ξ = 2ǫ0K12E · nˆ, (3.16)
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where
K12 =
(
σ1 − σ2
σ1 + σ2
)
, (3.17)
is the reflection coefficient and
E · nˆ =
(E1 + E2)
2
· nˆ. (3.18)
Where there are multiple discrete areas, the surface charge density accumulated at any
one discrete area will be related to the different components of the E-field. There is a
primary field component originating from a source, in this case from an inductive loop
on the surface and the accumulated effect due to every other discrete surface area at
some distance r. Therefore,
ξT = ξP +
∑
ξda (3.19)
where ξT is the total surface charge density at point P , ξP is the resultant charge density
at point P due to an imaginary source at point S representing the accumulated source
effect at many points and ξda is the resultant surface charge density at point P due
another surface charge density at some point Q, another discrete area (Figure 3.7).
Figure 3.7: Charge Distribution Components
Now, given that the charge density for a discrete area is equivalent to the units of
charge enclosed within that area,
ξda =
q
dA
(3.20)
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and the electric field in free space due to a point charge q at distance r,
E =
1
4πǫ0
qr
r3
, (3.21)
then the components of the electric field at a point due to the charge density of a
discrete area are determined as,
Ex =
ξda
4πǫ0
∫∫
x
r3
dA,
Ey =
ξda
4πǫ0
∫∫
y
r3
dA and (3.22)
Ez =
ξda
4πǫ0
∫∫
z
r3
dA,
where r =
√
x2 + y2 + z2 and the integral is taken over the extents of the discrete area.
However, if the charge on a whole discrete area, A is represented by a point charge at
the node then the integrals are removed and Equation 3.22 becomes,
Ex =
Aξda
4πǫ0
x
r3
,
Ey =
Aξda
4πǫ0
y
r3
and (3.23)
Ez =
Aξda
4πǫ0
z
r3
.
The solutions to the Equations 3.22 are included in Appendix A.
Therefore at any one of the discrete area nodes (i) on an object the resultant/secondary
field is a consequence of the following E-field components,
(Eix,Eiy, Eiz) = (Eloopx,Eloopy, Eloopz) +
∑
j
(Ejx,Ejy, Ejz) (3.24)
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or
Ei = Eloop +
∑
j
Ej (3.25)
where j represents each discrete area apart from the discrete area in focus (i).
3.3.3 Charge Density Inversion
Difficulties arise since in order to calculate the total charge density for any one discrete
area, the E-field resulting from the charge density must be known for every other
discrete area. The solution to this problem of boundary conditions at the surface of the
earth can be approximated by employing the method of images. Let Gij be a geometric
interaction term between two discrete areas Ai and Aj defined as,
Gij =
Ajr
4πǫ0r3
. (3.26)
From (3.19), it is clear that the total charge density is a sum of the effects of the loop
and every other discrete charge density. From (3.16), the relationship between normal
electric field to the interface and charge density is defined, and from (3.23) the electric
field at a point due to the charge density of a discrete area is defined. From these
relationships the total charge density ξi assumed to be averaged over the discrete area
Ai can be defined as,
ξi = 2ǫ0K12Eloop · nˆ+ 2ǫ0K12
∑
j 6=i
ξjGij · nˆ, (3.27)
which becomes,
ξi = 2ǫ0K12
{
Eloop · nˆ+
∑
j 6=i
ξjGij · nˆ
}
. (3.28)
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Now when this is expanded for every discrete area (A1 . . . Ak) on the object where k is
the total number of discrete areas, equation (3.28) becomes,


ξi1
...
...
ξik


= 2ε0K12




Eloop1
...
...
Eloopk


+
1
4πǫ0
∑


G11 G12 · · · G1k
G21
. . .
...
...
. . . Gk−1k
Gk1 · · · Gkk−1 Gkk




ξj1
...
...
ξjk




.
(3.29)
However, the diagonal of the geometric interaction term matrix is effectively one discrete
area interacting with its direct image and is therefore a unity resulting in a diagonal of
ones. In order to perform an approximation of each of the ξj terms which can then be
summed to obtain each of the ξi terms, a mirror image object is introduced (Figure 3.8)
to enforce boundary conditions at the surface of the earth. This image consists of
discrete areas (A′
1
. . . A′k). Each image and its corresponding discrete area on the actual
object are equidistant from the loop. These therefore represent an equivalent discrete
Figure 3.8: Image of Object
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charge density and a geometric interaction term can be determined between each Ai and
every A′i. The resultant image geometric interaction matrix no longer has a diagonal
of ones, but can be determined everywhere. If the geometric interaction matrix is then
modified by adding the image geometric matrix,
Gij = Gij +G
′
ij (3.30)
then (3.28) can be rearranged with ξi terms absorbed into the geometric interaction
matrix as the unity diagonal and all that remains is a series of simultaneous equations,
−2ǫ0K12


Eloop1
...
...
Eloopk


=
K12
2π


1 +G′
11
G12 · · · G1k
G21 1 +G
′
22
...
...
. . . Gk−1k
Gk1 · · · Gkk−1 1 +G
′
kk




ξj1
...
...
ξjk


(3.31)
which simplified is,
−2ǫ0K12Eloop · nˆ =
K12
2π
(Gij · nˆ)(ξj). (3.32)
This relationship can be inverted for an approximate solution for each ξj.
Sub-Node Method for Improving Approximation in Critical Areas
As outlined in Appendix A, the point approximation method contains a degree of error
related to the distance from the discrete area and the size of the discrete area. It is
apparent that the areas of greatest error using the approximation method on discretised
objects are the areas directly adjacent and within a certain distance from the element
in focus. Therefore in these areas a further discretisation is employed (Macnae 1981).
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3.3.4 Determining the Secondary Field from Discrete Charge
Density
Having determined the charge density for the discrete areas defined upon the object,
the resultant secondary field is derived from a simple reapplication of Equations 3.23
summed over all discrete areas (i). Therefore, the secondary E-field at a point (x, y, z)
due to an object with a known surface charge density is determined as,
Es =
∑
i
Aiξi
4πǫ0
r
r3
(3.33)
with components,
Esx =
∑
i
Aiξi
4πǫ0
rx
r3
, (3.34)
Esy =
∑
i
Aiξi
4πǫ0
ry
r3
and (3.35)
Esz =
∑
i
Aiξi
4πǫ0
rz
r3
. (3.36)
Before showing the numerical results, I will discuss the CARIS instrument that will
be modelled.
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Chapter 4
Systematic Description of the
CARIS Instruments
4.1 System Concept
The basic premise of the development of the CARIS system was to produce a capacitively-
coupled array of sensors. The sensors are required to be useful for determining relative
changes in resistivity apparent in subsurface objects using an inductive source to gen-
erate an electric field in the ground which may be disrupted by an object of contrasting
conductivity properties. The development of the two CARIS systems occurred in a
series of stages which incorporated a hardware development and subsequent testing
of the development. Implementation of the circuit design and mechanical layout was
undertaken with the collaboration of an electrical engineer, John Chung of RMIT Uni-
versity. Testing often led to the need for a further hardware development or refinement.
This chapter will describe the main systems of the CARIS instrument outlining their
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function and attributes. It will also provide some brief developmental comments. It
will not present developments in a precise chronological progression; however, a chrono-
logical pictographic development of the CARIS-1 and CARIS-2 systems is provided in
Appendix C.
4.2 Inductive Loop System
A primary electric field was generated using an inductive loop system. The main re-
quirement of this system was to produce a reliable and portable signal at a variety
of magnitudes that can be maintained within the area of the sensors. The current
is driven through multiple turns of a loop of insulated copper wire. The loop was
potentially shielded in order to minimise capacitive effects between the loop and the
sensors and the ground; a standard RC battery-powered oscillator was used to produce
a 100 kHz signal for CARIS-1 or a 5 kHz signal for CARIS-2 which was then amplified
using a battery powered amplifier (Figure 4.1). The amplifier was fitted with a current
Figure 4.1: Induction Loop System Schematic Diagram
control system which ensured that a stable current was being drawn by the loop at
all times. This stabilisation was added after observations were made that temperature
drift affected the resonant loop output.
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4.3 Capacitive Sensor System
4.3.1 Description
The capacitive sensor system is the most novel aspect of the CARIS systems. The sensor
system consists of individual sensor cells arranged into an array. The first prototype,
the CARIS-1 system, consisted of nine small (0.05 x 0.05 m) cells and the CARIS-2
system three (0.5 x 0.5 m)cells. A schematic diagram of the capacitive sensor system
is shown in Figure 4.2.
Figure 4.2: A schematic diagram showing the elements of the Capacitive Sensor System
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Each cell contains a sensor plate or antenna which is placed in close proximity to
the ground. This plate couples capacitively to charge accumulations at the earth-air
interface. The plates are made of a conductive material arranged in a snake-like pattern
in order to maximise conductive surface area to couple capacitively with the ground but
to minimise formation of eddy currents within the plate itself.
4.3.2 Shielding
The signal received by the sensor plate at the frequency of the inductive source is
small and must be protected so as not to be influenced by anything other than the
local ground. This is critical for the usefulness of the system, as the sensor plate by
definition is the most sensitive part of the system. It was necessary to shield the signal
against other capacitive coupling or antenna effects before it was transformed into a
more stable dc format.
The signal was shielded using a ‘skirt’ which covered the plate (Red and Blue in
Figure 4.2). The skirt itself was made in a similar way to the sensor plate with ‘snaked’
conductive tracks. CARIS-1 sensor plates and shield skirts were made out of printed
circuit board (PCB). However, due to the increase in size with the CARIS-2 system,
using a PCB for the sensor and shield skirts was too considered too costly and rigid.
Therefore a combination of PVC foam and conductive paint were used to produce the
larger sensors (See Appendix C).
The sensor shield was then driven to be the same (in phase and amplitude) as the
sensor plate. Gain was applied to the signal then rectified into a dc potential relative
to the ac amplitude. The signal was still shielded throughout the rectification process
with a secondary shield as a precaution to protect from additional capacitive coupling
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effects. This shield was kept to 0 volts rather than the sensor voltage. A dc signal
relative to the amplitude of the ac signal was output to the data acquisition system
(Figure 4.2).
4.3.3 Reference
Figure 4.3: A vector diagram representing the relationships between the sensors and the
reference points
Initially, the system consisted of only a sensor cell and another identical cell des-
ignated as the reference cell. A differential signal was obtained with the reference cell
becoming the 0 V of the sensor cell. This arrangement, however, was found to be too
unstable to be effective. So, the whole system was then joined to a distant ground point.
This distant ground provided a lower impedance grounding point to which the whole
system could be tied. Multiple sensor cells then remained differentially tied to the a
designated reference cell, the response from which becomes the 0 V for the remaining
sensor cells. However, even this arrangement was found to be too unstable if there was
much movement of the ground wire. So a separate floating reference cell, was designed.
This cell was separately powered and provided an electrical buffer between the sensor
cell and the distant ground wire. This meant that movements in the ground wire, rather
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than shifting each cell in a different and unpredictable way, shifted mainly the reference
cell which resulted in a similar shift over all the other channels. This had the effect of
stablising the output of the system as a whole. Figure 4.3 shows a vector representation
of the relationships between the sensor cells and the reference points. The actual phys-
ical distance of the distant ground point (VE) from the instrument, was not of major
significance, since the effect of the position, as long as it is fixed through out a single
line, is removed through the normalisation process. The procedure that was generally
taken through out surveying was to keep the position fixed, largely for convenience. On
some occasions, however, where surveying would have been made more difficult, the
fixed ground point was moved after completing a number of lines to a more convenient
position. This shift is noticeable in the raw data but not in the normalised data.
It is important that the system reference point (V0) be in a position that provides
information that is able to be understood given the parameters and limitations of the
sensor system. The most significant limitation of the existing system is its inability
to measure phase of the response signal. Currently, the output is a simple dc voltage
directly proportional to the amplitude of the sensor signal. This amplitude of the signal
at each sensor cell is relative to the reference cell which is also capacitively coupled to
the ground. The recorded signal is then an absolute potential difference between each
cell and the reference point. This corresponds to a difference in the ac amplitudes of
the signals obtained at the sensor plate and the reference sensor plate. This difference
may be a positive or negative difference; however, this sign information is lost in the
rectification process. The result could mean an ambiguity between any two sensor
responses; one may be relatively smaller and one relatively larger than the reference
but come out to have similar dc potentials. Positive and negative information relative
to the reference is lost since no phase information is recorded. This problem was avoided
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through design of the placement of sensor cells and the reference cell relative to the loop.
For example, the results are susceptible to this sign ambiguity when the reference cell
is placed in between the sensor cells. Therefore, this type of arrangement was avoided
and reference cells were always placed separate and offset from the sensor cells.
4.4 Data Acquisition System
Essential to any geophysical instrument is the eventual recording of the data corre-
sponding to the physical property measured. The major consideration in the method
of data acquisition for the CARIS system was to avoid antenna effects, capacitive cou-
pling or grounding that a long length of signal-carrying wire might engender. Other
considerations were the desire to view real-time data, as well as storing the data for
post-processing. Given these considerations there were two possible solutions proposed:
(i) Having an on-board data acquisition and monitoring system which avoids lengthy
signal wires or (ii) applying a wireless data transmission method. A wireless acquisition
method was considered most suitable to meet the system requirements and to add an
extra degree of freedom and convenience.
Major developments in wireless technology in recent years has made it a viable option
both from a functional and economic perspective. A BlueSentry-XPert was chosen to
be used as an analog-to-digital converter from Roving Networks. This device acquires
up to eight channels of 0-5 V analog signal, performs a digital conversion, and trans-
mits a Bluetooth serial signal (Figure 4.4). A Bluetooth-USB dongle attached to a
laptop feeds data through a virtual serial COM port and can be accessed by acquisition
software. Maximum acquisition frequency using the BlueSentry is 3 kHz. In practice,
however, the acquisition rate employed is much smaller, approximately 200 Hz, in order
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Figure 4.4: Data Acquisition System Schematic Diagram
to maintain software stability and to keep the size of the data sets of a reasonable size.
Each recorded reading was determined as an average from 50 measurements.
4.5 Positioning System
4.5.1 Development
Any geophysical system or measurement at some stage needs to be tied to a physical
location. The CARIS system provided some unique challenges in this regard. More and
more geophysical surveys are being positioned via GPS obtained co-ordinates which
can be easily associated to a data point. However, it was considered, especially for the
CARIS-1 system, that the accuracy required for the small-scale surveys (sub-centimetre)
could not be reliably provided by a GPS system.
The positioning system was the last system to be developed. It was developed through
a series of minimum requirement stages. From the early stages of testing, point mea-
surements were made, and the relative position was simply noted and tied to the data at
a later point. The method developed as survey line lengths increased to several metres
and a semi-automated method was introduced. The instrument would be moved a fixed
distance and then data acquisition was triggered by the user tied to station location
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based upon line start point and defined station spacing.
4.5.2 Automated Positioning System
It was determined that a faster method of positioning was required in order for larger
surveys of multiple lines. A 1-D automated wheel based positioning system was de-
veloped. Such a system is currently utilised in numerous geophysical instruments with
success, such as Geonics EM61 and the MALA˚Geoscience RAMAC/GPR trigger wheel.
The automated positioning system (Figure 4.5) consists of a mechanical wheel, a digital
pulse encoder attached to the axle of the wheel, a Modbus Digirail pulse counter with
serial RS485 data output and a RS485-USB serial converter. The digital encoder pulses
at a rate of 256 pulses/revolution. The counts are acquired periodically through the
Data Acquisition software and the distance per pulse is calibrated to the size of the
mechanical wheel. The pulse encoder produces two channels of pulses one lagging the
other by a quarter of a wave form when the wheel is turned in the clockwise direction.
This enables a direction also to be determined through observing the lead channel.
Figure 4.5: Positioning System Schematic Diagram
55
CHAPTER 4. SYSTEMATIC DESCRIPTION OF THE CARIS INSTRUMENTS
4.5.3 Dimensions of the CARIS Systems
CARIS-1
Figure 4.6: CARIS-1 System Diagram of Instrument Dimensions.
The CARIS-1 system consists of a 20 cm x 20 cm loop, in close proximity (3 cm)
to an array of 9 sensors with an additional reference sensor. Although 9 sensors are
possible in this array, sensor 4 was omitted due to the maximum capability of the
Bluetooth A-D converter of only 8 channels. Each of the sensors are 5 x 5 cm spaced
evenly over a 20 x 20 cm array. The reference sensor is offset from the array by 3 cm
inline with the central row of sensor array.
An array of sensors where used in close proximity to the loop in order to attempt to
obtained real-time mapping of an area, that may contain small discrete plastic objects,
such as plastic land mines. This was not developed with the CARIS-2 system, as a
larger scale array of sensors quickly becomes cumbersome and impractical.
The CARIS-1 system was designed an intended primarily from use in laboratory
conditions. It was, therefore, designed for the purpose of very shallow depth of pen-
etration. An operating frequency of 100 kHz was determined based upon the size of
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the target objects (small plastic objects, such as plastic landmines) and sensors size
and capacitance threshold considerations, required to allow for measurable variation of
sensor capacitance.
CARIS-2
The CARIS-2 system consists of a 50 cm x 100 cm loop, in close proximity (8 cm)
to an array of 2 sensors with a third reference sensor. Each of the sensors are 50 x
50 cm with a 10cm space between them. The reference sensor is offset vertically and
horizontally from the array by 10 cm and 25 cm respectively. This geometry results in
120 cm vertical distance between Sensor 1 and the reference sensor and 60 cm between
Sensor 2 and the reference sensor.
A single row of two sensors were used for the CARIS-2 system for the purposes of
this research. This could easily be expanded into longer or wider arrays, with a larger
range of sensor separations. The result of larger separations would be a deeper range of
penetration. The separations that were chosen reflected the desire to be able to detect
near-surface objects that can be reasonably, checked or known to be present, without
having to resort to major excavation.
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Figure 4.7: CARIS-2 System Diagram of Instrument Dimensions.
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Discrete Modelling Results
A computational modelling tool was developed to investigate the three basic contribut-
ing factors to a measured response: the object response, the object burial response and
the background response. This tool was not made to be exhaustive in addressing all of
these factors. It was realised that the significance and variability of the object burial
response and the background response could only be established through collection and
experience of field data. Computational modelling was therefore initially restricted to
be a tool for determining what response could be expected from an object in a uniform
background with no burial effects or background variability present.
The computational modelling method developed consists of the application of the
discrete modelling method (described in Chapter 3) and was developed for three in-
terrelated applications. These applications were; to provide a theoretical tool which
aids exploration of the electric field interactions with objects; to aid in the design of
the CARIS systems: and to confirm or aid in explaining or interpreting results ob-
tained from testing the CARIS systems. Each of these applications will be apparent
throughout this chapter.
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5.1 Variables, Limitations and Generalisations
Modelling results can be displayed in various forms. Typically plots of electric fields
will be displayed as a vector plot, potential fields will be displayed as a contour plot.
The CARIS system, like any system, is dependent upon a number of variables which
will affect the resultant response. In any form of computational modelling, every detail
cannot be taken into account, mainly because of numerical modelling limitations, for
the fact is that near-surface electrical structures are complex, much more complex than
can be modelled efficiently. Further, the earth model is variable, affected by many fac-
tors such as rainfall, for example. Therefore, simplifications and generalisations must
be made which will result in some difference between the real result and a modelled
result of a similar situation. In the case of CARIS, modelling simplifications such as a
uniform conductivity of a background half-space, uniform conductivity of objects, sim-
ple regular geometry of objects (limited to blocks, spheres, oblate and prolate spheroids
and cylinders), regular geometry of source loops and limited discretisation of object sur-
faces are made and limit the accuracy of the model. Model results obtained with these
conditions therefore represent results from what can be regarded as ideal conditions.
There are three significant areas of variation in CARIS modelling (Figure 5.1):
• the conductivity contrast between the half-space and object(s)
• the environment geometry, that is, the relative position of objects to the source
loop
• the geometry of the system; that is, the position of the sensors relative to the loop
and the objects.
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Figure 5.1: Schematic Diagram of CARIS Modelling Variables
The environment geometry can be subdivided further into several variables, the most
significant being size of the source loop, the vertical depth of the object from surface,
the horizontal distance of the object from the source loop, size of the object, and type
of object.
The system geometry can be further subdivided into variables such as the number of
sensor responses to simulate, the size of the sensors, the position of the sensors relative
to loop (ie. distance of array from loop), and the arrangement of the sensors relative to
each other (ie. sensor array format) and also the the position of the reference sensor.
This chapter will provide a systematic analysis of the effects of differences in these
variables towards the ends already mentioned. That is, to explore the interaction of
objects in an electric field and to aid in the design and development of the CARIS
system and understand data obtained using it. Therefore, throughout this chapter,
results of modelling will be presented and described, then the implications of these
results will be discussed for the production of the CARIS system or the interpretation
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of its data.
5.2 Distance Dependence
The source of the CARIS signal is the primary induced E-field. This primary field
varies with distance from the loop. The magnitude of the response field is directly
proportional to the magnitude of the primary field at any buried objects.
Figure 5.2 shows the logarithmic drop-off of the direct E-Field as described by
Equation 2.12. The drop-off is quite swift. For the purposes of this description, a
reference point close to the loop (at 0.01 units) was chosen to represent the ‘measurable
maximum’ primary E-field. The field magnitudes at other locations are described as
a percentage of the field at this reference point. At 0.25 units from the loop, the
magnitude of the E-Field has reduced by 50 percent. The field is reduced to 25 percent
by 1.35 units from the loop, and by a distance half the width of the loop, the field is
reduced to less than 10 percent of field at the reference point. Examining the E-field
as a percentage of the field very close to the loop generalises the result and normalises
out the variables of the size of the current in the loop and the number of turns of the
loop.
There are several implications of this basic model of the diminishing E-field for the
CARIS system. The region of greatest influence of the generated E-Field is within
half of the loop width. However, within that same distance is the greatest amplitude
variation. Within one loop width, the field has dropped to approximately 5 percent of
that at the loop and has become much more uniform.
Operating in a uniform E-Field is desirable for simplification of results and interpre-
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Figure 5.2: Diminishing E-Field with Distance from a Loop. (a) Vector diagram of the
rotating E-field around a 5 x 5 unit loop. (b) Profile of the magnitude of the E-field as a
percentage of the magnitude close to the loop at 0.01 units. Distances are generalised as units
as they are arbitrary. Note that the distance scale has been shifted so zero appears at the edge
of the loop.
tation. However, maximum possible exciting field is also desirable to obtain maximum
possible secondary response from objects. In practice, a balance must be obtained.
The purpose of the sensors is obviously to detect the secondary response due to ob-
jects, not to observe the primary field. So the sensors should be optimised based upon
the response not the excitation. Nonetheless, since it is most desirable to maximise
the secondary response, potential targets should be close to the loop, and therefore the
sensors also should be close to the loop.
From consideration of these factors, it was determined that in the initial system
sensors should be located within one loop width of the sensor but no closer than one
fifth of a loop width.
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Figure 5.3: Diminishing E-Field with with respect to variation in loop size (a) Colour coded
loop diagrams showing the different loops modelled. (b) Profiles in the x-plane with colours
corresponding to the loop diagram in (a) showing drop off of E-field magnitude with distance
from the loop. Note that the distance scale has been shifted so zero appears at the edge of the
loop.
5.3 Loop Size Dependence
Changes in the size of the inductive loop will affect the magnitude of the generated
field. Consideration was also given to the loop size. It was already determined that a
square or rectangular loop could be used to generate a moderately uniform vector field.
In this manner, on each side of the loop one component Ex or Ey is maximised and the
other is minimised as the E-Field circulates around the loop.
The diminishing E-Field was modelled for five different loop sizes (Figure 5.3).
Variations were made in the x and y dimensions of the loop and compared with the
same reference point at 0.01 units from the loop.
As would be expected, the results show that with increasing loop size the rate of
drop-off of the field is reduced since the magnitude is related to loop area. So at 2 units
away from a 10 x 5 loop the field magnitude is approximately 15 percent of the original
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magnitude, whereas for the larger loops (10 x 15 and 15 x 10) it is 22 percent. It
can also be observed that the difference between the square loop and the smaller loops
was larger than the difference between the larger loops. From the base square loop,
enlarging the side in the y-direction of the loop increases the field more rapidly than
enlarging the x-direction.
Some implication of these results for the CARIS system can be summarised in three
observations:
1. The bigger the loop area the slower the field drop-off.
2. For increased magnitude of the E field in the x-direction, increase the y-dimension
of the loop, and visa versa.
3. The most significant differences in magnitude occur closer to the loop.
These somewhat obvious observations were nonetheless useful guides at different stages
of the design process for both the CARIS-1 and CARIS-2 systems.
5.4 Conductivity Dependence
In practice, the conductivity of a medium or half-space and a buried object are initially
unknown. Yet this is the physical property that the CARIS method seeks to exploit to
delineate objects buried in the ground. It is therefore quite important to understand
the significance of variations in conductivity in determining results. At a basic level, if
significant changes in conductivity do not result in significant changes in response then
the method is useless.
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Models were obtained using a constant object geometry, a (0.5 x 0.5 x 0.5 m) cube, at
a constant shallow depth of 0.1m, along a constant line (Figure 5.4d). The conductivity
contrast or reflection coefficient (K12) was varied from -1 to 1. The reflection coefficient
is based solely upon the conductivity of the half-space and the object (Equation 3.17).
In this chapter two sets of results may be presented. The first is a general solution
which shows the response of the object to a fixed loop at a fixed distance (half a loop
diameter from the edge of the loop to the edge of the object). The second is a simulated
response of the CARIS-2 system over the same object, taking into account the specific
CARIS-2 sensor locations and geometry. The parallel responses for the CARIS-1 system
are not discussed in this chapter as they provide basically the same information as the
CARIS-2 results, except with the added complexity of nine channels of data rather than
two. Most of the features of CARIS data are suitably illustrated with CARIS-2 models.
General Conductivity Results
The general response model is representative of the general trend in the response of a
fixed loop and an object when the conductivity contrast is varied. It therefore provides
a basis for comparison with the response models of CARIS data. The general result
is normalised to the primary field at a fixed reference point as close as possible to the
loop (at 0.01 units). The presentation of the total field is determined as a percentage
of the primary field relative to this point. This is slightly different to the normalisation
method of the CARIS system. The CARIS data is also a presentation of the total
field as a percentage of primary but it is relative to the primary field at each sensor.
Although all units have been arbitrary to this point, modelling of objects will be given
in metres, since CARIS instrument geometries are in the order of metres.
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Figure 5.4: Modelled general response over a block with a variety of conductivity contrasts. (a)
Total Ex-Component, (b) Total Ey-Component, (c) Total E-Field magnitude and (d) Model
Geometry in plan and cross-section showing the loop and the modelled block with the profile
line labelled in blue. (a), (b) and (c) show the portion of the profile directly over the block by
two red lines.
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Figure 5.5: (a) Total E-field response at the surface to a conductive object; (b) Total E-field
response at the surface to a resistive object
The range of K12 represents the maximum range of potential conductivity contrasts
between an object and the medium in which it rests. So K12 = −1 is a strongly
conductive object and in a relatively resistive medium, andK12 = 1 is a strongly resistive
object and in a relatively conductive medium. Using this full envelope of K12 values,
the entire range conductivity variation effects can be easily understood (Figure 5.4).
The effect of changing conductivity contrast on the peak response amplitude is linear,
with the mid-response being the K12 = 0. The K12 = 0 response (red) is a ‘no contrast’
or uniform half-space only response. Since with no conductivity contrast there is no
secondary field, the K12 = 0 response therefore shows only the primary field percentage
response relative to the maximum primary field point. Subtracting this from the other
responses will provide solely the secondary response.
The percentage of primary response shows the relative magnitude of the normalised
68
5.4. CONDUCTIVITY DEPENDENCE
vector field. A negative percentage indicates a vector field in opposite direction to the
primary field. The model shows a clear difference between the positive and the negative
K12 values. The positive conductivity contrast (resistive object) results in a typical one-
peak anomaly over the object and smaller off-object troughs. The negative conductivity
contrast (conductive object) results in an anomaly consisting of two off-object peaks
and an on-object trough.
The difference in the E-field vector response at the surface between the extremes
of conductivity contrast are shown in Figure 5.5. The vector plot of the response to
a highly conductive object in a resistive medium (Figure 5.5a) shows a converging of
the E-field to the object, so much so that the surface expression of the E-field becomes
slightly opposite in direction to the primary field then diverges from the object, whereas
the response to a resistive object in a conductive medium (Figure 5.5b) shows the E-
field diverging around the object, resulting in an increased response at the surface in
the direction of the primary field.
CARIS-2 Simulated Conductivity Results
A simulation model was obtained for the same object using the CARIS-2 system in
order to compare the general results with a CARIS-2 response. As opposed to the
general response model, the primary E-field has effectively been removed for CARIS-2
response through the normalisation process. This was not the case for the general model
response because it was normalised to a point close to the loop. In the CARIS systems
the primary E-field at the sensors is constant because the loop and sensor geometry
is fixed. Therefore normalisation of the primary E-field at each sensor will effectively
result in just the secondary or response E-field being observed.
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Figure 5.6: CARIS-2 Simulated Response to Changes in Conductivity. (a) Response for
various resistive objects. (b) Response for various conductive objects.
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The simulated CARIS-2 response immediately shows a greater degree of complexity
than the general solution. There are, however, some similarities to the general response.
Since the size of the response is directly dependent on the conductivity contrast, the
comparative magnitudes of the responses are quite predictable. However, this model
shows that a difference should be expected between the normalised magnitude of the
response in the two channels. The peak amplitudes of Channel 1 are consistently about
10% smaller than the Channel 2 peak amplitudes. It should be noted here that Channel
1 is the potential difference between the reference sensor and the sensor closest to the
reference and Channel 2 being the potential difference between the reference sensor and
the second sensor, furthest from the reference sensor.
As well as this basic similarity to the general model, there are some clear compli-
cating factors. A horizontal shift in anomaly position occurs and creates an offset in
the position of the peaks of each channel response. This shift is a consequence of the
fact that one sensor lags behind the other, therefore one channel responds to an object
earlier than the other. This shift can be removed by simply adding a constant offset
to one of the sensors. This is done in practice to ascertain the correct position of an
anomaly. It is also a good way of checking the source of anomalous responses. If the
response is due to an object or fixed ground source then there will be a positional lag
requiring a positional offset adjustment. If the anomaly comes from the instrument or
some other external source, it would appear in the data stream at the same time. These
peaks, if they occur can be removed through analysis.
A distinct asymmetry is apparent in the CARIS response, this contrasts with the
symmetry observed in the general response model. This is a consequence of the fact
that the response is a potential difference between the sensor and the reference sensor.
Therefore one peak will correspond to the sensor moving over the object, and an opposite
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peak will correspond to the reference moving over the object. As a consequence the
width of the whole response anomaly relative to the size of the object is quite large. In
this example, the anomaly extends in its entirety from -1.5 m to 2.5 m, 4 m in total.
The object itself is only 0.5 m in width. The interpretation of the object size could be
facilitated by only considering the first peak.
5.5 Depth Dependence
Obviously, objects in the ground do not generally lie at a constant depth. It is therefore
necessary to determine the role of the depth of an object in a CARIS response. This
was modelled by retaining constant object dimension and properties (K12 = 1) and
simply varying the depth to the top of the object. In general, the depth effect of most
geophysical anomalies on a response is a reduction of amplitude and a broadening of
the response. The results (Figure 5.7) show models which are consistent with this
generalisation. These models show the total (primary and secondary) E-Field response
observed, which means that as the objects move to greater depths, the direct primary
response from the loop will become dominant. The shallowest response (depth to top =
0.01m) shows an apparent inconsistency by dipping at the peak in the Ety component
(Figure 5.7b) of the response and therefore also in the Et combined component response
(Figure 5.7c). This feature is considered an erroneous consequence of the discretistion
and will be discussed further in a later section (Section 5.7).
It is clear that the response drops off rapidly as depth increases. The results show
that between the first 0.1-0.2 m there is an approximate 15% drop in the total response
as a percentage of the primary. Over the next 30 cm between 0.2-0.5 m the drop is
slightly less that 15%. Then over the next 4.5 m there is drop of about 8%. Basically
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Figure 5.7: Modelled general response over a block with a variety of depths (in metres) to
the top of the object. (a) Total Ex-Component, (b) Total Ey-Component, (c) Total E-Field
magnitude and (d) Model Geometry showing the loop and the modelled block with the profile
line labelled in blue. (a), (b) and (c) show the portion of the profile directly over the block by
two red lines.
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at this depth the majority component of the total field is the primary with very little
secondary component at all.
These results have several implications for the CARIS systems. It is clear that the
depth of the object is very significant in the magnitude of the total response. Three
main points were gleaned from these results:
1. Small near-surface objects are likely to dominate the magnitude of the response.
That is, the biggest peaks in the CARIS response will be from objects closer to
the surface and these peaks will be of low amplitude and narrow width.
2. Larger deeper objects could contribute to the response but with less magnitude
and over a broader area.
3. There is a cut-off depth of interest that the CARIS system will not be able to
penetrate beyond.
A significant unknown that arises when moving from a theoretical examination to the
practical reality is the quantity of small near-surface conductivity contrasts. If these
small near-surface contrasts are few, then there is less difficulty in delineating depth
contrasting bodies. However, if small near surface contrasts were numerous, then this
will pose a significant hindrance, as the small magnitude of the larger objects response
will become lost in the clutter of the small near-surface responses.
CARIS-2 Simulated Depth Results
A simulation model was obtained in order to compare the general results with a CARIS-
2 response. From the general model, it was determined that the majority of the response
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diminished within the first 0.7 m from the surface. Therefore this area was focused on
in more detailed in the CARIS-2 models.
Basically, the same trends that were observed in the general response can be observed
in the CARIS-2 response (Figure 5.8). As objects get deeper, the magnitude of the peak
response reduces and approaches zero at a certain depth, when there is effectively no
response at all. The typical, CARIS response curve is observed again, with an initial
large peak and a smaller secondary opposite peak. Typically the first peak occurs over
the leading edge of the object (again note that there is no offset correction applied for
Channel 2 so the response lags by the separation distance). However, as indicated by
this model as the object gets deeper and the response broadens the peak shifts slightly
off the object. However, this effect is minimal.
5.6 Object Size Dependence
The issue of size dependence is complicated somewhat by the dependence of the mod-
elling method upon which the discrete cell size is chosen and the depth of the object.
This section will attempt to isolate the dependence of the surface response on the size
of the object by calculating the response while maintaining a constant discrete cell size
(0.25m2), a constant depth (1m) and conductivity contrast (K12 = 1).
The results (Figure 5.9) show two general trends which are consistent with what
might be expected from general geophysical modelling. Firstly, the modelling clearly
shows that as the size of the object increases so does the peak amplitude of the response
profile. This is not a linear relationship as demonstrated by Figure 5.10. As the object
volume increases, the effect on the peak secondary response slows. The second obvious
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Figure 5.8: CARIS-2 Simulated Response to Changes in Depth of an Object. (a) Channel 2
modelled responses. (b) Channel 1 modelled responses. (c) Combined both channel responses
for depths -0.1 to -0.4 to show comparison.
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Figure 5.9: Modelled general response over a variety of block sizes maintaining constant
conductivity contrast, depth to top of the object and discrete cell size. (a) Total Ex-Component
normalised to primary E-Field, (b) Total Ey-Component normalised to primary E-Field, (c)
Total E-Field magnitude normalised to primary E-Field and (d) Model Geometry showing the
loop and the series of modelled blocks with the profile line labelled in blue.
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Figure 5.10: Modelled peak secondary E-field response with increasing object volume.
trend is the broadening of the anomaly as the size of the object increases. The equivalent
relationships can be observed on a conductive body in a resistive environment.
The implications of size dependence on the design of the CARIS systems are largely
in considerations of sensor size placing limitations on the possible size of detectable
objects. It was intuitively supposed that objects very much smaller than the sensor
plate would not generate a significant enough response to be detectable. However, it
was not known how small would be too small.
CARIS-2 Simulated Variation in Object Size Results
A simulation model was obtained for the same objects in order to compare the gen-
eral results with a CARIS-2 response and build understanding of an expected CARIS
response.
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Figure 5.11: Modelled CARIS-2 Response for Various Object Sizes. (a) Response for 0.5m3
Object, (b) Response for 1.0m3 Object, (c) Response for 2.0m3 Object, (d) Response for 4.0m3
Object,(e) Response for 5.0m3 Object
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Results for the various objects highlighted a major unique feature of CARIS data.
Since the basis of the CARIS system is contrast in conductivity, as objects become
larger and larger a typical response to the same type of object response changes quite
significantly. As depicted in the general model, the basic trend was the larger the object,
the larger the anomaly. However, the same trend does not hold for the CARIS systems.
The results for the CARIS-2 model (Figure 5.11) show a different trend. The model
was obtained for five objects of increasing size (0.5m3, 1m3, 2m3, 4m3 and 5m3) at a
consistently shallow depth (0.2 m).
As can be clearly observed the relationship between the size of the object and the
type of curve obtained from the CARIS system is more complex than the general case.
The complexities are directly related to the size of the object relative to the size of the
sensors and their separation.
When the width of an object is smaller or roughly equivalent in size to the sensor
(0.5 m for CARIS-2), then the typical curve is obtained. This curve has a sharp positive
peak then a smaller negative peak. This type of curve can be seen in the previous models
and in Figure 5.11a, where the object is the same size as the sensor. Figure 5.11b, shows
basically the same type of curve; however, there is a small kink as it drops from the
first peak to the negative peak. In this model, the object is double the sensor width (1
m) but smaller than the sensor reference separation distance (1.6m for CARIS-2).
As the objects get larger and larger (Figure 5.11c, d and e) the large peak separates
into two positive peaks with a negative peak, and then eventually into two positive and
two negative peaks. Eventually, there are two separate anomalies which correspond to
the sensors and the reference-sensor moving over the object then moving off the object.
Directly when over a large object there is no local conductivity contrast and hence there
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is minimal response.
This is an important realisation as it indicates that the CARIS system will respond
to contacts of areas with conductivity contrasts. The system tested does not provide
absolute conductivities but relative conductivities.
This result is also important for interpretation. In some circumstances, it may be
difficult to know if an anomaly is indicating a small discrete object of roughly sensor
size or marking a contact between larger objects.
5.7 Mesh Cell Size Dependence
There are two parameters of the integral equation model which do not directly relate
to a specific physical attribute but are a consequence of the modelling process. These
parameters are the object’s surface mesh size, that is, the size of each discretised unit
on the object (see 3.3.1), and the ground surface mesh. These parameters influence
two broad areas, resolution and accuracy of the model as well as processing time and
computational capability. Examining the effect of these parameters on the resultant
model is significant and useful for optimizing the accuracy of the model and the efficiency
of its production.
5.7.1 Discrete Unit Area Dependence
Selection of the discrete unit area size is an important parameter influencing the res-
olution of the charge distribution on the surface of the object and thereby influencing
the resolution and accuracy of the surface result. The discretisation method is funda-
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mentally an approximation of the response from the surface within the area defined.
Naturally, the finer the mesh, the closer one approximates the real conditions; however,
there are limits on the fineness of the discretisation chosen. These limits are computing
power, memory capacity and time. Models were obtained for different numbers of object
nodes (Figure 5.12). These results were obtained using a consistent object geometry,
a 0.6 x 0.6 x 0.6 unit cube. However the number of total nodes on the object were
changed.
Figure 5.12a shows the increasing time taken for each model of increasing total
object nodes. The three series presented show different numbers of ground surface
nodes the object was modelled with on each occasion. Clearly, little difference is made
when the number of ground surface nodes is increased significantly. However as object
nodes increase there is a sharp increase in the time taken for the model to be processed.
Figure 5.12b shows the effect of increasing the number of nodes on the result. The
node number refers to the number of nodes along one edge of the cube. Therefore, 15
nodes is 15 x 15 x 6 sides discrete areas on the surface of the object, the total being
1350 nodes. Figure 5.12b also shows that the maximum difference in the result between
the 2 node model (the least possible nodes) and the 15 node is less than 5 percent at
this depth.
It is concluded that a satisfactory result can be obtained on this occasion with 6
nodes per axis (216 in total). However, this is not always the case, as there are other
factors impinging on a consistent and accurate model.
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Figure 5.12: (a) Comparison of processing time for object modelling based upon the number
of object nodes for various ground surface nodes values; (b) An analysis of the degree of
difference in the modelled response for various node values (nodes refers to the number of
nodes per dimension of the object, so 2 nodes = 2x2x2 nodes in total).
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5.7.2 Discrete Units Area, Object Size and Depth Effect
Difficulties arise in the reliability of the modelling method close to the surface. In these
areas, there is a close relationship between the depth of the object, the size of the
discrete unit and the size of the object.
A series of test models was performed for a large object (each dimension of the object
was 8 times the loop dimension). The object was defined using four different numbers
of total discrete areas 24(2 x 2 x 6), 96(4 x 4 x 6), 384(8 x 8 x 6) and 600(10 x 10 x 6).
The secondary response of the object was then determined for various depths. The
results are shown in Figure 5.13 and Figure 5.14. The results show the relationships
between several parameters and their effect on the resultant model. It is clear that the
three parameters, node density, the size of the object and the depth of the object from
the surface, influence this resultant model considerably.
Node Density and Depth
The relationship between the node density and the depth is very important for obtaining
an approximation that is plausible. Figure 5.13a shows the almost-surface response
(depth = 0.05 m). Each node density produces an implausible result. It is clear that
even the maximum number of nodes modelled here 600 is not sufficient to produce an
accurate approximation. However, as the model depth increases, the difference between
the low node density and the higher node density objects narrows. This relationship
is clearly expressed in Figure 5.15, which shows a series of peak responses for each
node density at various depths. As the depth increases the peak response approaches a
horizontal line indicating a move towards the same response for each node density.
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Figure 5.13: Total secondary E-field response for various depths with different node densities
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Figure 5.14: Total secondary E-field response for various depths with different node densities
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Figure 5.15: Peak E response for various node densities on an object at a depth of 0.1m to
6m.
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The larger the discrete areas that are chosen, the smaller the number of nodes
required. The result is a faster model. However, the fewer the object nodes used
the worse, sometimes significantly worse, the approximation. Also, the inaccuracy of
the approximation is magnified the closer the object is to the surface; however, this
inaccuracy is proportional to the overall size of the object.
5.7.3 Limitation of Discretisation
The implication of the limitations discussed above are that some care must be taken in
choosing the modelling parameters. At some stage, a balance must be decided between
the detail of the approximation required verses the time allowance to obtain it, versus
the type of object to be modelled.
The modelling discretisation limitations include the number of total object nodes,
which is affected by speed and memory allocations. Resolution limitations also affected
the response variations controlled by the size and depth of the object, and the size of the
area of interest. Some of these limitations, such as resolution very close to the surface
for large objects, are inherent to the method; however, improvements can be made by a
method of focussed discretisation (this was not yet applied at the time of publishing).
This would concentrate a higher number of nodes near the particular area of interest
and reduce the concentration of nodes further from the target area.
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5.8 Suite of Modelling Capability
Throughout this chapter all models have consisted of simple discrete blocks. However,
the modelling method used can provide a modelled response for a suite of objects.
Objects that have been modelled include dipping and tilted blocks, spheroids and el-
lipsoids, pipes and discs, and may be modelled in unison with two or more objects to
form more complex shapes. This the results for these objects will not be discussed in
detail rather simply presented to show the flexibility of the modelling method and to
provide an example of a general response for various shaped objects.
5.8.1 Dipping Block
A dipping block is a useful model for targets such as walls, trenches, pipes, voids
and geological features such dykes. An example model of a dipping block is shown in
Figure 5.16. A 3 x 4 x m strongly resistive (K12 = 1) block dipping at 30 degrees to
the south was used.
This model shows that a shape peak in the response occurs over the part of the
object closest to the surface. The total response is asymmetric with a more gradual
drop off from the peak on the longer dipping side.
5.8.2 Sphere and Spheroid
A sphere or spheroid is a useful model for targets such as land mines, lenses, voids, caves
or geological features such as salt domes and igneous intrusions of various kinds. An
example model of a spherical object is shown in Figure 5.17. A 2 m diameter strongly
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Figure 5.16: A model of a dipping block. (a) Top view showing Total E-Field vectors, the
object and the loop, with sample profile in red, (b) Angle view showing Total E-Field vectors,
the object and the loop, (c) Side profile show the object, (d) Total E-field as a percentage
of the primary, (e) Total Ey-Component, as a percentage of the primary,(d) (e) Total Ex-
Component, as a percentage of the primary
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Figure 5.17: A model of a sphere. (a) Top view showing Total E-Field vectors, the object and
the loop, with sample profile in red, (b) Angle view showing Total E-Field vectors, the object
and the loop, (c) Side profile show the object, (d) Total E-field as a percentage of the primary,
(e) Total Ey-Component, as a percentage of the primary,(d) (e) Total Ex-Component, as a
percentage of the primary
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resistive (K12 = 1) sphere was used at a depth of 0.5 m to the top.
The modelled response for this sphere is symmetric with the peak of the anomaly
occurring directly over the object. This an atypical form of response, usually the edges
of the generate the peak anomalies, but here since it is essentially a graduated edge the
peak anomaly occurs over the center of the object.
5.8.3 Cylinder
A cylinder or disc is a useful model for targets such as pipes, tunnels, land mines . An
example model of a cylinder is shown in Figure 5.18. A long horizontal open, strongly
resistive (K12 = 1) cylinder was used at a depth of 0.25m to the top and a diameter of
2 m. The cylinder was positioned at an angle to the profile shown.
Similar to the sphere, a perpendicular profile to a cylinder features a symmetric
graduated edge. Therefore, the peak response will be in the center. However, since
in this model the cylinder is not perpendicular to the profile an asymmetric response
occurs.
5.8.4 Multiple Objects
Modelling using multiple objects can be useful for observing responses when there is
interaction between two or more nearby objects of different conductivity contrast. Also,
if a more complex object were required, an approximation can be simulated by joining
objects or placing them close to each other. Obviously, the same limitations of the
discrete method apply with multiple objects.
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Figure 5.18: A model of a cylinder. (a) Top view showing Total E-Field vectors, the object and
the loop, with sample profile in red, (b) Angle view showing Total E-Field vectors, the object
and the loop, (c) Side profile show the object, (d) Total E-field as a percentage of the primary,
(e) Total Ey-Component, as a percentage of the primary,(d) (e) Total Ex-Component, as a
percentage of the primary
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Figure 5.19: Combined multiple object model of two blocks. (a) Total E-Field vectors. (b)
Total E-field contour map.
Two simple block objects were modelled in order to show the significance of each
object on the other. In an archaeological context, this model may be representative of
two close foundations of a wall structure. Figure 5.19 shows the resultant total E-field
at the surface in this general case.
The model of these two objects indicated that the edge features are remain apparent
rather that the object itself. This complicates interpretation considerably. However,
some symmetry exists between these edge features and is perhaps the best way to draw
correlation between what could otherwise easily interpreted as perhaps four separate
objects.
5.9 Modelling and the CARIS System
The modelling outlined in Chapter 3.3.1 proved a useful method for describing rela-
tionships between a circulating E-field associated with a loop of wire and objects in a
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uniform half-space with a conductivity contrast. This general application was further
refined to the specific cases of the CARIS systems. This application helped refine the
design of the system in such areas as loop size, sensor placement and instrument geom-
etry. The modelling of the specific CARIS system cases also aided in the understanding
and interpretation of data from these systems. It showed that the CARIS data is likely
to be more complex than might be expected when compared with the general response
to the E-field associated with a loop of wire. The modelling method shows the potential
for application to any interaction of a known E-field with objects of known conductivity.
Later chapters will compare the CARIS system results with some modelled cases
for specific targets. These will show the limitations of the method to describing only a
theoretical response to an object in a uniform environment. This means that resultant
model results will differ from the field (non-ideal) response, given that they do not
take into account any burial effects or background effects, factors which become very
apparent in the field results.
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Chapter 6
Results of Preliminary CARIS
Trials and Instrument Evolution
This chapter will discuss the development of the CARIS system through the process of
experimentation, analysis of results and adjustment. Sections are based upon results
gathered in different locations. Each section will present a rationale and some results
which are indicative of the conclusions reached, which led to a significant development
of an element of the system or diagnostic of its function. The presentation in this
chapter is generally chronological.
6.1 Studley Park Trig Station Test
In February 2006 the first basic field experiment of a single capacitive sensor acting
as an antenna referred to the ground was attempted at Studley Park Trig Station,
Melbourne. The purpose of this experiment was to identify any ambient noise and
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Figure 6.1: Photo of basic antenna effect test at Studley Park
background antenna effects on the basic capacitive sensor plate (Figure 6.1). Antenna
effects (where electrical cable connections behave as antennae) had previously been
identified in the laboratory, so this experiment was intended to confirm their presence
in locations at some distance from cultural influence. The experimental system con-
sisted of a sensor plate from which observations were made using a battery-powered
oscilloscope. Amplification was applied to the response detected at the sensor plate.
The results measured on the battery oscilloscope showed a strong response of unknown
origin at approximately 55 kHz of the order of 200 mV peak-to-peak (Figure 6.2). This
was a significant response which led to several developmental conclusions.
Firstly, that the antenna effect on the sensor was not a result of cultural signals
98
6.1. STUDLEY PARK TRIG STATION TEST
Figure 6.2: Approximately 55 kHz response on capacitive sensor from oscilloscope at Studley
Park
present in the laboratory. Secondly, it forced further investigation towards the method
of measurement. The ensuing investigation into the method of measurement proved
most fruitful. It was determined that much of the antenna effect observed at Studley
Park was a result of the effect of the cable connecting the oscilloscope to the sensor.
This meant that due to this unwanted signal introduced while attempting to measure
the amplified ac output, observations had to be made of the amplitude of a rectified dc
signal rather than of the direct ac response at the sensor. The rectified dc signal was
observed initially on a dc moving coil ammeter in order to minimise any measurement
instrument influence that may introduce antenna effects into the system.
This placed a limitation upon the measured output parameters so that ac phase and
amplitude could not be easily determined, only a dc voltage directly related to ampli-
tude. This outcome was acceptable, since knowledge of phase was not a priority due
to that fact that normal operation was well within a quasi-static regime. The actual
transmission of a signal was tested by applying a 100 kHz signal to a conductive plate,
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then placing the capacitive sensor above the plate. As the amplitude of the 100 kHz
signal changed a corresponding change in the dc response was observed.
In the longer term, this observed sensitivity of the ac signal to antenna effects was de-
velopmentally significant as it led to the introduction of the Bluetooth data acquisition
system. The Bluetooth data acquisition system was used as a means of physical isola-
tion of the sensor system from the data measurement and acquisition system, thereby
reducing the potential for introducing antenna effects. This effect was further managed
by the introduction of potential shields around the sensor plates, allowing the actual ac
response voltage from the sensor to be observed on the oscilloscope.
6.2 Laboratory Saltwater Tank Tests
6.2.1 Benefits of the Saltwater Tank Environment
A homogeneous background environment was simulated in the laboratory using a large
(1.8 x 0.6 x 0.8 m) saltwater tank (Figure 6.3). The saltwater simulated a highly
conductive half-space in which resistive/plastic objects could be placed providing a
large (σwater >> σobject) conductivity contrast. The tank also had an air wedge at
one end, which provided the potential for changes in depth of the conductive space
simulating a shallowly dipping layer. Figure 6.4 shows a plan of the tank partitions.
All measurements and profiles were obtained from the side of the tank, not the top.
This laboratory environment proved an excellent simulation of a uniform half-space.
This environment was very useful for numerous reasons. Firstly, it provided an easy and
convenient way of refining the stability of the early system electronics and geometry.
Secondly, it allowed repeatability tests of the refined system in a highly controlled
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Figure 6.3: Photograph of Saltwater Tank
Figure 6.4: Plan diagram of saltwater tank, showing 15 deg and 30 deg wedges on opposite
sides of the tank.
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environment. Thirdly, it provided a means to show proof of concept in a homogeneous
background environment. Fourthly, it allowed measurement of responses from objects
that could be compared with modelled responses.
6.2.2 Limitations of the Saltwater Tank Environment
The most obvious limitation was the size of the tank. Due to the size of the sensors, the
saltwater tank environment could therefore only be used to test the CARIS-1 system
and not the CARIS-2. The CARIS-1 system consisted of 8 sensors producing 8 channels
of data (note that that array has the capability to contain 9 sensors but only 8 were used
due to limitations of the BlueTooth A-D converter to only 8 channels, sensor 4 of the
array was omitted). The limited tank size also introduced the potential for boundary
effects which forced the environment away from being an ideal half-space. However,
this effect was assumed to remain constant and therefore not affect repeatability.
6.2.3 System Stability
In order that any instrument be considered reliable, system stability is essential. This
means that the components of the system must operate in a stable manner, such that
any deviation or drift in the response is entirely a consequence of an external source
not an internal source.
An example of system instability that was identified using the saltwater tank environ-
ment was temperature-dependent amplifier drift. When the system was initially turned
on, drift in the order of approximately 50 mV was observed (Figure 6.5). Due to the
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Figure 6.5: An observable drift in the response due to amplifier temperature changes.
presence of a controlled test environment, this problem could be quickly identified, con-
firmed to be a result of temperature changes affecting the resonant capacitor on the
transmitter system, and amended by adding automatic current monitoring control to
the amplifier to maintain constant transmitter signal output.
6.2.4 Repeatability
Linked with the stability of the system is its repeatability. Ensuring that over the same
environment the same response can be measured repeatedly is critical for the instru-
ment to be of any use. The saltwater tank provided an environment that was essentially
constant, and throughout the course of the development of the system it could be re-
peatedly referred to as a normal or base response. However, as the system developed, it
became apparent that the output response voltage of the system was highly dependent
on factors such as geometry.
However, with constant system geometry, it was confirmed that the system was highly
repeatable in the conditions of the saltwater tank. Figure 6.6 shows that all of the data
obtained on all 8 channels in this test deviated insignificantly from the mean response.
This was a critical stage in the development of the CARIS system. It could be shown
with a high level of confidence that the system was stable enough to obtain consistent
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Figure 6.7: A diagram of the method used in measuring salt tank response profiles. The
system is outside the tank and the object inside.
results in an essentially uniform environment. This confidence needed to be obtained
before any reasonable external testing could commence.
The tests also shown that the instrument can sense relative changes in layer depth.
This is indicated by the lower response on each sensor/channel at the beginning of the
profile. This is the area of the line over the air wedge in the tank.
6.2.5 Proof of Concept
The next major step forward in proving that the CARIS method has the potential to
detect buried resistive objects in conductive environments was to show that it could do
so in ideal conditions. The saltwater tank provided an easy way of inserting objects into
a medium without altering the medium around the object at all. Objects were weighted
so as not to float and then lowered into the tank using string. The instrument was then
moved on the side of the tank over the object. Figure 6.7 shows the method used to
gather the response over objects in the saltwater tank. Figure 6.8 shows a response on
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Figure 6.8: Results of profile of Saltwater tank without (black) and with an object (colours)
present. Panel (a) shows response of the 8 sensors (1-9 omitting 4) corresponding to sen-
sor/channels 1 (red) and 7 (magenta); (b) show the response of channels 2 (red), 5 (magenta)
and 8 (blue); and (c) shows the response of channels 3 (red), 6 (magenta) and 9 (blue).
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Figure 6.9: Model of Saltwater Tank Response
all 8 channels from several consecutive profiles of the saltwater tank. Several profiles
were recorded with nothing in the tank. Then, a plastic box (12 x 12 x 5 cm) was
submerged in the water and the same line was repeated. This profile clearly shows
significant peak magnitude response to the plastic object of the order of 15-33 percent
of the background response.
This was a major result which proved the viability of the method and the concept
to detect a resistive object in a more conductive medium. This result confirmed and
encouraged a change in direction from a laboratory testable instrument to a field testable
instrument.
6.2.6 Comparison with Models
A model of the response of a resistive box in a highly conductive half-space was gen-
erated for a 10 x 10 cm box with K12 = 1 and a profile response obtained using the
method outlined in 3.3.1 (Figure 6.9). Comparison of the modelled response and the
actual measured response is quite good. The general form remains the same although
not as smooth, due to the number of modelled points. There is some difference in the
amplitude of the response. This is a result of a difference in normalisation, and also
part of the natural limitations of the modelling method. In general, however, taking
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these limitations into account, the comparison is consistent.
6.3 RMIT University Grounds Tests
For various generations of the CARIS system development, the RMIT University grounds
and the adjoining Old Melbourne Gaol grounds have been utilised as a convenient test
area.
6.3.1 Repeatability
The primary task in these small tests around campus was to establish initial confidence
in the system’s ability to produce repeatable results in non-ideal conditions. It was a
concern that the capacitive sensors may be significantly affected by small changes on
the ground surface. These small variations and undulations affect the air-gap between
the ground and the sensor. If any effect from this was significant, just dragging the
instrument over the same ground twice would result in significantly different results
or observed responses would only be indicative of the smoothness of the surface. This
effect could not be realistically simulated in the laboratory. It was subsequently checked
at all preliminary field test sites.
RMIT Bowen Lane
Bowen Lane is a small pedestrian roadway which separates sections of the RMIT Uni-
versity City Campus. At the entrance to Bowen Lane from La Trobe Street are some
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small flat plots of generally grass-covered open ground; however, at the time of survey-
ing they were predominately dry, dusty soil due to a local drought.
A test line 1.3 m in length was established on one of these plots and several profiles were
collected (Figure 6.10). In order to maintain accurate and repeatable station positions,
wooden rail baselines were set up on either side of the CARIS instrument and marked
with 5 cm station increments. The instrument was moved to each successive interval
by sliding it along the ground. This method was maintained for the majority of the
preliminary tests and proved to be relatively easy and reliable; however, it was a little
slow. These results showed a very high repeatability with over 95 percent of the data,
deviating less than ±0.05mV from the mean of the repeated profiles.
Old Melbourne Gaol Yard Tests
The Old Melbourne Gaol Yard adjoining RMIT University City Campus is a large
open area, typically grass-covered, however, again it had become more patchy due to
dry conditions, with some large tufts of grass scattered amongst dry soil.
A test line of 1.3 m was set up using the same method as used at Bowen Lane, and
again several profiles were obtained (Figure 6.11). The results showed significantly more
deviation from the mean with only 75 percent of the data deviating less than ±0.05mV
from the mean of the repeated profiles.
6.3.2 Discussion
From these early preliminary field tests around the RMIT grounds, several points be-
came apparent. Firstly, it was shown that repeatable data could be obtained using the
CARIS method. Therefore, any variation in the surface due to dragging the instrument
over it was not sufficient to significantly affect the response.
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Secondly, however, surface regularity or smoothness does play a part in replicating data.
At the Bowen Lane site, the surface was flatter and consistent distance of all sensors
to the ground could be maintained the majority of the time, and resulted in very little
deviation from the mean response. However, the Old Melbourne Gaol site’s surface was
much less regular due to patches and tufts of grass, and resulted in a higher deviation
from the mean response. Although the magnitude of responses was higher they still
followed a clear trend which could be observed over repeated lines. It was concluded
therefore that surface condition was an important factor affecting the ability to obtain
a high level of repeated response the most critical factor being surface consistency.
Thirdly, the degree of lateral variation in response over a relatively small area was
striking. Considering the short length of the line (1.3 m) and the apparent uniformity
of the near surface ground (approximately the top 0.25 m) the range of the response
both on individual lines and across channels was significant. Both in the Bowen Lane
data and the Old Melbourne Gaol data, the maximum range of normalised response
was approximately 1.5 volts and 0.8 volts peak-to-peak, respectively. This observation
raised the obvious question of the cause of such large relatively large responses. Some
basic investigative digging and penetration of the surface at anomalous areas proved
unfruitful for attributing the varying response to buried objects, such as rocks or tree
roots, close to the surface. This uncertainty highlighted the lack of control in this sim-
ple environment and the lack of confidence, therefore, in attributing the cause of the
variation measured to a known object or phenomena. It forced attempts to be made
for further preliminary tests to occur in locations where the homogeneity of the near
sub-surface could be better controlled.
112
6.4. BRIGHTON DOG BEACH TEST
Figure 6.12: Two samples showing the effect of moving the ground wire on the sensor response
6.4 Brighton Dog Beach Test
In January 2007 some testing was carried out at Brighton Dog Beach in the South
Melbourne area. This trial was aimed at testing the system in a location where objects
can easily be buried or possible anomalies can be easily checked. The most significant
outcome of this test was the realisation of the sensitivity of the system to the relative
position of the ground wire. It was discovered that with the sensors in a constant
stationary position and nothing altered except the position of the ground wire, elevated
off the ground or moved in the horizontal plane, the response voltage at all sensors
changed (Figure 6.12).
This sensitivity to the ground wire positions compromised the stability of the whole
system. It was unreasonable to attempt to maintain a fixed ground wire on a moving
survey system. This realisation drove the need for an alternative method of grounding
the system, such that the system was not so dependent on the position of the ground
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wire. The solution to this problem was shift away from differential measurements from
a designated reference cell to the development of a floating or buffered reference cell.
The details of the buffered reference cell are discussed in Section 4.3.3.
6.5 Kooyong Sand Pit Test
6.5.1 Survey Parameters and Rationale
In March 2007 a survey was completed at Kooyong Park in Melbourne. An athletics long
jump sand pit (Figure 6.13a) was chosen as likely to be relatively homogeneous medium
(a necessity for the safety of the athletes) and also a medium in which objects could
easily be buried for detection. The consistency of the test line was again maintained
using a fixed baseline rail that the instrument was moved along (Figure 6.13b, c and
d). Data was gathered at 0.05 m intervals along a short line of 1.3 m.
6.5.2 Discussion of Kooyong Sand Pit Results
Test 0ne: Baseline Repeatability
Results from initial undisturbed lines (Figure 6.14) showed a very high level of repeata-
bility with 95 percent of the normalised data deviating less than 0.1 percent from the
mean. This was a good result as it proved that any disturbance created on the surface
due to dragging the instrument over it does not impact the resulting response. However,
a significant degree of lateral variation was again clearly observed. This implies some
lateral variation in subsurface material conductivity even within what was estimated
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Figure 6.13: Photograph panel of Kooyong Survey
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to be a relatively uniform environment. The cause of this variation was unknown and
evidenced again a degree of lack of control in this environment which is to be expected
in a field test.
Test Two: Response to a Buried Plastic Object
After three repeated profiles a plastic ball (10 cm diameter) was buried at the 50 cm
mark on the line (6.13e and f). No concerted effort was made to bury the ball with
special care consequently sand in the area around the ball was also disturbed during
the burial. Measurements on a fourth line were then made over the ball. Figure 6.15
shows the difference for each channel between the response before the ball was present
and with the ball buried.
A clearly distinguishable anomaly of varying magnitudes on different channels was ob-
served between 40 and 70-80 cm on sensors 1, 2, 3, 6, 7 and 8. Both channels 5 and
9 showed some difference within the interval of the position of the ball; however, the
response in these two channels was indistinguishable from other responses on the line.
The source of the other responses was unknown.
Test Three: Response to Change in Moisture
An attempt was made to test if changes in near-surface moisture content were de-
tectable. Consequently, a further profile was measured with the object removed and
with part of the beginning of the line watered. Portions of the area before the 30 cm
mark were watered. The rest of the area was shielded during the watering process.
Figure 6.16 shows the difference between the base line response and the watered line
response. A clear difference can be observed.
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Figure 6.15: Difference between normalised response for all sensors (a. Ch1-3, b. Ch5-6, c.
Ch7-9 in order red, green, blue) with and without a plastic ball buried on the line. A 10 cm
ball has been added to the diagram to show response relative to the object’s x-coordinate on the
profile.
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Figure 6.16: Difference between normalised response for all sensors (a. Ch1-3, b. Ch5-6, c.
Ch7-9 in order red, green, blue) before and after partial watering of the line 20 and 30 cm.
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6.5.3 Conclusions from Kooyong Sand Pit Survey
Several observations were made from the Kooyong Sand Pit data. Firstly, highly re-
peatable data can be obtained under controlled conditions. This confirms the stability
of the system and also confirms that the obvious changes to the survey surface resulting
from dragging the instrument over it had an insignificant effect on the data.
Secondly, a large degree of lateral variation in the response can be obtained from a
medium that is relatively uniform in terms of material. This suggests that the causes
of lateral variation may be due to other properties of the medium, such as moisture
content or consolidation.
Thirdly, the CARIS method is capable of detecting buried resistive objects. This was
shown by a clear anomaly on the buried plastic ball profile. The fact that different
channels showed different magnitudes of responses may indicate that with a larger ar-
ray, real-time object discernment may be possible. However, to confirm this hypothesis,
further investigation is required.
Fourthly, by watering a portion of the line, the effect of lateral variation in moisture
content was confirmed as a significant variable to which the CARIS system is sensitive.
This may explain to some degree the significant lateral variation as being due to varia-
tion in moisture content within the sand. However, more investigation is also required
to further confirm this conclusion.
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6.6 Parkdale Beach Test
6.6.1 Survey Parameters and Rationale
In April 2007, a survey was completed at Parkdale Beach in South Melbourne. No
significant change was made to the CARIS system from the survey at Kooyong. Like
the survey at Kooyong, a sandy medium was chosen for the two-fold benefit of being
relatively homogeneous and also a medium in which objects could easily be buried
for detection. However, this site was also chosen for the additional benefit of being
saturated with conductive water. Therefore, the aim of this survey was to gather
data from an environment with both uniform material and uniform moisture content,
thereby testing the conclusions from the Kooyong test. This is also an example of
an environment (conductive environment-resistive targets) where the CARIS method
may show advantage over methods such as GPR. So, several test lines were established
close to the water line where the sand was salt-water saturated and therefore highly
conductive. The repeatability of the position of the test line was again maintained
using a fixed baseline rail along which the instrument was moved, both perpendicular
and parallel to the water’s edge (Figure 6.17). Data was gathered at 0.05 m intervals
along a short line of 2.6 m.
6.6.2 Discussion of Parkdale Beach Results
Test One: Baseline Response
Results from an initial baseline profile on the wet sand parallel to the water-line showed
that this location, as anticipated, was much closer to a uniform environment than the
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Figure 6.17: Photograph panel of Parkdale Beach Survey
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Figure 6.18: A comparison of the deviation from a uniform response for, (a) Kooyong Sand
Pit data and (b) Parkdale Beach Data. Note the different vertical scale on panels (a) and (b).
dry sand at Kooyong Sand Pit. This uniformity is clearly illustrated by a comparison
of the distribution of the deviation from the mean response for one profile at Parkdale
and one at Kooyong (Figure 6.18).
Each channel showed minimal lateral variation (less than ±0.1) in the normalised
response. Figure 6.19 shows the normalised baseline responses for each channel, except
channel 4.
This field response is the closest comparable response obtained in the field to the
uniform response that was able to be measured in the controlled laboratory environment
of the Salt Tank.
Test Two: Response to a Buried Plastic Object
A plastic box (15 x 10 cm) was buried at the 100 cm mark on the profile, directly under
the line of the sensors. The top of the box was buried to a point less than 1 cm below
the surface of the ground and the profile was repeated. The response of this profile
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showed a clearly distinguishable anomaly on most channels; however, for some there
was not a significant anomaly (red line in Figure 6.20).
Test Three: Response when Buried Object is Removed
The plastic box was removed and the hole, in which the box had been placed, was
refilled with damp sand. The surface was smoothed and compacted slightly and the
profile was repeated. This response was equally interesting, as again, most channels
responded with a significant anomaly apparent on most profiles (green line in Figure
6.20).
Test Four: Response to Change in Ground Consolidation
At a different point (190 cm) along the profile a second hole was dug similar to that
in which the box had been placed. However, once dug and disturbed, the sand was
immediately replaced. The surface was smoothed and compacted and the profile was
repeated for part of the line. The profile over this disturbed area likewise produced an
anomaly, though not as large in amplitude as where the box had been buried (blue line
in Figure 6.20).
6.6.3 Conclusions from Parkdale Beach Survey
From these four profiles, several conclusions were reached. Firstly, as expected, in a
more homogeneous environment in terms of material and moisture content a more uni-
form background response is obtained. A spatially variable response measured in the
field confirms that lateral variation in moisture content in the ground is a significant
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parameter to which the CARIS system is sensitive. Secondly, it is confirmed that the
system can detect a near-surface buried plastic object in a conductive environment.
Thirdly, however, despite the increased moisture content within the medium any dis-
turbance of this medium, near surface is also significant enough to change conductivity
properties and produce an anomalous response. This response to disturbed ground
implies that not only moisture content is significant, but so is the consolidation or
compaction of the medium. It is, therefore, difficult to confirm with certainty that the
CARIS system does response to the the polastic object at all. It is clear, that a response
is evident from ground disturbance, it may be likely that a combined response of the
object and disturbance has been obtained, however this cannot be confirmed with this
data or the method applied in this case. The problem is that burying an object will
always necessarily also disturb the ground around it.
6.7 Conclusions from Development and Preliminary
Tests
After developing the CARIS system to a point where it could reliably gather data in
a stable manner, and having tested the system in ideal laboratory conditions and field
conditions, some conclusions were reached. The laboratory method is valid and repeat-
able. In a highly conductive salt water environment (σ ≈ 5S/m), a highly resistive
plastic object was easily detected. The detected anomaly compared with the modelled
response; however, it had a smaller amplitude. This difference in amplitude may be
attributed to the inability to precisely replicate the salt tank and object geometry. Also,
the model does not take into account boundary effects from the edge of the tank. Tank
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tests have also shown that the instrument can sense relative changes in layer depth as
indicated by the changing response over an air wedge.
In field conditions, measurements with the CARIS system were shown to be repeatable,
with no significant change in response due to small surface changes as a consequence
of moving the system over the ground. However, repeat surveying of a rough surface,
such as tufted grass, significantly reduces repeatability.
The CARIS system is responsive to relative changes in near-surface conductivity. This
response may be caused by changes in moisture content, changes in ground consolida-
tion or by the presence of an object. The different causes of a response therefore make
it extremely difficult to discriminate between the sources of the response, and which
renders the system difficult to apply in field conditions.
However, this small CARIS system was designed specifically as a prototype to be used
in the salt-tank environment. This meant that the size of capacitive cells, size of the
transmitter loop, and the frequency of operation were always likely to have limited
scope in field conditions. The main aim of the first CARIS system (CARIS-1) was to
test if the concept and method were valid. The task achieved in laboratory conditions
provided enough encouragement to warrant design and construction of a larger-scale
CARIS-2 system.
The main differences to be developed in the CARIS-2 system were;
• To increased sensor size, this is aimed at increasing the capacitive coupling with
the ground and to attempt to limit the amount of small variations and noise due
to small local changes in ground conductivity contrast,
• To reduce the transmitter frequency from 100 kHz to 5 kHz, this is aimed at
increasing the skin depth of the signal, also the lower frequency made development
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and flexibility of instrumentation simpler,
• The system becomes less susceptible to maintaining constant distance from the
ground, which can change easily of the ground is bumpy.
In parallel with design and construction of CARIS-2, further CARIS-1 surveys were
further undertaken on a larger scale, to determine if consistent responses could be
measured across spaced lines to produce a map. This may prove more informative than
profile data. This is discussed in the next chapter.
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Chapter 7
CARIS Field Mapping Results
7.1 CARIS-1 Field Mapping Results
7.1.1 Ridley College Lawn Surveys
Survey Parameters and Rationale
In July 2007, two areas around the grounds of Ridley College in Melbourne were selected
for initial mapping trials of the CARIS-1 system. These areas where chosen primarily
due to the relative smoothness of the surface and ease of accessibility. The aim of the
survey was to obtain a general idea of the background response of the system to normal
undisturbed ground and to determine if coherency could be obtained across multiple
lines of a mapped survey.
The first site, Baker Lawn (Figure 7.1) had no specific target such as a known pipe
or buried object, and therefore was essentially a blind survey over a grassy, relatively
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Figure 7.1: Photo of Baker Lawn with survey area marked
smooth, surface. The second site, Bearham Lawn (Figure 7.2) was selected as an area
where survey lines could be easily measured across a paved footpath. At the footpath,
there is a clear change in near surface conductivity properties which should be indicated
in the results. In both locations, near-surface tree roots were present in some places.
Minimal attempt was made to perform any ground truthing through excavation of
anomalies as tests were aimed at determining coherency across a series of lines. Also,
excavation of the site was not permitted. Specific targets were unknown; however,
some potentially anomalous objects that may be present were tree roots, pipes, electrical
cables and near-surface changes in moisture content due to natural flow drainage. Some
maps of potential services, such as gas, water, telephone or electricity were acquired after
the survey, but none of these maps cross any of the survey areas.
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Figure 7.2: Photo of Bearham Lawn with survey area marked
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Figure 7.3: Ridley College, Baker Lawn, Survey Area
In order to collect the large amounts of data required on numerous lines, in a swift
manner for mapping, some modifications to the basic test system were necessary. Two
key modifications were made. Software was developed to acquire sensor responses con-
tinuously and a wheel distance counter system was developed to associate data points
with a unique location (See 4.5). Data acquisition was then either triggered by time
intervals (up to 3 times a second) or distance interval (up to every 0.02 m). At each
survey area, lines were measured at 0.25 m spacing and straight lines were maintained
by using a guide string.
Baker Lawn Survey Results
The first area surveyed was Baker Lawn on the western side of Ridley College. An 8 x 12
m survey area was marked out, and lines were measured uni-directionally according to
Figure 7.3. Just beyond the north and south ends of the area were two large trees the
roots of which extended into the survey area.
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Figure 7.4: Ridley College, Baker Lawn All Sensor Response Map showing NTL (top)
and NTW (bottom).
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Results were gathered from eight sensors each with a unique position relative to
the inductive loop source and the reference sensor. This multi-channel data acquisition
posed a problem in relating the response of each sensor to the other seven sensor re-
sponses so that all sensors were able to be gridded together. A normalisation method
was employed to present each sensor response as a percentage of the direct response
from the inductive source. The data from all sensors could then be gridded and plotted
together.
This normalisation and combination method did not necessarily produce the best
results in terms of comparison with known objects (see Bearham Lawn Results). How-
ever, it was satisfactory to achieve the aims of this survey as outlined in the previous
section. Figure 7.4 shows the response of the combined all-sensor response using the
normalised to line (NTL) and normalised to whole (NTW) normalisation methods (see
Appendix B). Further response maps for Baker Lawn in sensor groups are shown in
Appendix D.
A comparison between the two normalised maps shows little difference, only a gen-
eral enlarging of some anomalies in the NTW map. The general shape of the response is
relatively uniform with patchy small, yet distinct, anomalies. As a general trend, there
is a concentration of positive anomalies in the southern end and negative anomalies
in the north. This may reflect a general change in moisture content. There is some
linear connection between the positive anomalies, such as in the south-east corner of the
area and in the south-west corner. In the north, there is nothing significant to observe,
apart from the general trend towards negative anomalies and a large low opposite the
memorial plaque and tree.
The cause of these anomalies was not pursued as the aim of the survey was simply
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to test the mapping ability of the system. The result was pleasing, as the resulting
maps are generally uniform and not erratic or overly noisy.
It must also be observed that some small anomalies will be caused by differences in
the distance between the sensor plate and the ground. Therefore, when there are small
local variations in the smoothness of the ground, these may appear in the results.
Bearham Lawn Survey Results
The second survey area was the Bearham Lawn in the north-western corner of Ridley
College. A 2 x 14 m survey area was marked out and measurements were made uni-
directionally along lines. The surveyed area is pictured and outlined in Figure 7.2. This
survey was aimed at determining the response of the instrument to a known near-surface
change in material.
The paved footpath crosses the survey area at a slight angle to the perpendicular
between 11.5 m on the line at 0 m and 12 m on the line at 2 m. The path itself consists
of 0.5 x 0.5 m square concrete pavers arranged two abreast with a small 1-2 cm gap in
between. A small verge cut on either side of the path creates a small air gap 1-2 cm
wide and deep. However, the gap in between the pavers was flush with the pavers and
filled with soil.
It is important to point out that, as modelling has demonstrated, the expected
anomaly will be at the edges of the objects. This is because the CARIS method operates
on the principle of detecting conductivity contrasts rather than determining absolute
conductivity. Therefore, as the sensors move over the concrete blocks a variation in
response can be expected at the edge of the pavers until the sensor and the reference
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sensor are on the paver. Once on the paver there is no conductivity contrast, so no
variation in response is expected. Then, as the sensor and the reference move off
the paver a variation in response will again be measured. A response can also be
expected from the change in the 1-2 cm gap between the pavers. Comparison between
the expected response on the edges with the verge air gap and the gap in between the
pavers filled with soil will provided some information regarding the significance of the
air gapinfluence.
Results from this survey emphasised some limitations of an all sensor approach
to gridding. Similar to the Baker Lawn survey, the responses from each sensor were
normalised and combined in a grid. Figure D.8 shows the NTL and NTW responses
for all-sensors combined. The purpose of this survey was to confirm a response from a
near-surface (or at-surface) change in conductivity. Both the combined response maps
do show some of the expected responses to the concrete pavers. The NTL and the
NTW response maps show linear features either side of the 12m mark. These are better
defined in the the NTL map and correspond to the edges of the pavers perpendicular to
the survey line direction. These anomalies are faint and do not define the pavers very
well but do give some indication of their presence.
When the features of the all-sensor map are compared to those of the map displaying
only one row of sensors, sensors 3, 6 and 9 closest to the reference sensor, (Figure 7.6)
there is a significant difference. There are three distinct linear features corresponding to
the beginning and the end edges of the pavement and also from the middle gap between
the pavers. However this is not all. There are also some linear features perpendicular
to the edges of the pavement. These correspond to the other edge of the pavers, parallel
to the survey line. Each edge of an individual paver can be observed.
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Figure 7.5: Ridley College, Bearham Lawn All Sensor Response Map showing NTL
(right) and NTW (left).
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Figure 7.6: Ridley College, Bearham Lawn Sensor 3, 6 and 9 Response Map showing
NTL (right) and NTW (left).
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These results show that at near-surface, a sharp change in conductivity can be
accurately determined and mapped with the CARIS-1 system. In this case, the object of
contrasting conductivity was at the surface, so no depth of penetration of the instrument
was required. This example, however, does not determine how close objects need to be
to the surface for a significant response to remain.
Other features to note briefly are the increased concentration of responses from
stations 0 to 6 m near the base of the tree. These may be due to the presence of tree
roots or the effect of the tree on the moisture content of the near-surface soil. Some
linear features can be observed in this area across survey lines and some correspondence
to exposed tree roots such as on the 1.8 m line around 3.5 m.
These mapped areas confirmed the ability of the CARIS-1 system to produce coher-
ent results across lines. Line data is stable and consistent enough for mapping. These
results confirmed the applicability of the concept for detecting changes in conductivity,
and therefore provided the impetus for developing a larger-scale system with increased
depth penetration.
7.2 CARIS-2 Field Mapping Results
7.2.1 Royal Park Gas Pipe Survey
Survey Parameters and Rationale
In October 2007, the first survey using the CARIS-2 system(Figure 7.7a) was carried
out in Royal Park (West). This area was chosen because of the presence of a clearly
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Figure 7.7: Royal Park (West) Test Site.
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marked high pressure gas pipeline (Figure 7.7b and c). Although the location of where
the pipe crossed the survey area was known with a high degree of certainty, the depth
of the pipeline was unknown. The pipe material was also unknown; however, it was
thought to be steel as is common for high pressure gas piping. This assumption was
later confirmed through communication with the pipeline administrator.
The aim of the survey was to test the general function of the system with some
knowledge of a potential target. Survey lines were run unidirectionally at a relatively
coarse spacing of 1.5 m on a 10 x 25 m grid. Some lines were omitted due to physical
interference of trees or shrubs. The coarseness of this survey was considered acceptable
since the target pipe was a linear feature cutting across the whole area and was sufficient
for testing the function of the system.
Results
The results from the CARIS-2 system are displayed as two maps corresponding to each
sensor-reference pair, the smaller separation 0.6 m and the larger separation 1.2 m.
Figure 7.8 shows the response from the smaller separated sensors and Figure 7.9 shows
the response from the larger separation. A large grid cell size of 0.75 m, half the line
spacing, was used to grid each map. Such a grid cell size also smooths the line data
moderately.
Most notably, the response from both the large and the small separation showed
a large positive anomaly associated with the pipe on the right side of the area. The
smaller separation response is approximately double that of the larger separation. The
smaller separation response also shows more features, positive and negative, especially
in the right of the map. It is clear from observation that the small separation response
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Figure 7.8: Royal Park small separation response overlaid on schematic site diagram
showing gas pipe crossing.
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Figure 7.9: Royal Park large separation response overlaid on schematic site diagram
showing gas pipe crossing.
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Figure 7.10: Rough, dry and cracked area where greater response is shown on the
smaller separation dipole.
shows considerably more features and larger anomalies. The cause of these anomalies is
considered to be a direct result of the different dipole spacings corresponding to slightly
different depths, the smaller dipole corresponding to a shallower depth than that of the
larger dipole. Therefore, the smaller separation response includes a greater influence
from surface effects. This influence is demonstrated in the area around 5m on the
right lines. This region corresponds to a particularly rough area on the surface with no
grass cover and dry, cracked soil (Figure 7.10). These features, which do not extend to
great depths have less effect on the larger separation response. The higher sensitivity
to surface variations of the small sensor separation is even more apparent when both
normalised responses are plotted with the same colour scale.
The surface effect raises an important issue when considering the response associated
with the pipe crossing. The response is larger in the smaller separation map compared
with the larger separation. This result indicates that the pipe itself may not be produc-
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ing the response, but rather may be caused by changes in the ground material above
the pipe due to the pipes’ presence or the initial laying of the pipes. This hypothesis
is supported by further information supplied by the APA, the pipeline administrator.
According to records, the pipe is made of steel and has a 250 mm diameter at a poten-
tial depth range of 1.25-1.6 m. With the two sensor separations being 0.6 m and 1.2 m
it is reasonable to consider that the depth penetration with each of the sensors is some
value less than half of each separation. These values put the depth range of the pipe
well outside the depth of penetration of either sensor.
The results confirm what is seen in the response maps: that a larger response can
be observed in the shallower detecting smaller separated dipole because it is observing
an disturbance anomaly associated with the presence of the pipe but not the pipe itself.
This disturbance may not necessarily be observable with the naked eye. It could be
associated with the trench dug for the pipe to be laid, or with less consolidation of the
fill over the pipe, or subsidence of the trench fill. The result calls for further depth-of-
penetration trials to be made.
In both maps, the response in the right section of the survey produced a larger
response associated with the pipe than in the left. This larger response corresponds
with an observable increase in surface expression of the pipeline as it extends beyond
the survey area to the right. Apart from the proximity to trees, the survey was not
continued further to the right as a depression (of several centimetres) was beginning
to become obvious on the surface through subsidence of pipeline fill. The cause of this
subsidence may be evident in the response over the right side of the survey area, even
though it is not yet visible on the surface within the survey bounds.
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7.2.2 Glenburn Bend Pipe Survey
Survey Rationale
In early November 2007, a series of surveys was carried out in the area of Glenburn
Bend Reserve, Glen Iris, a suburb of Melbourne. This site was selected because of the
visible presence of pipes entering the ground (Figure 7.11a and e) and storm water pipes
with known outlets into the adjacent creek (Figure 7.11f). No maps of buried pipes on
the sites were obtained before surveying.
There were several potential outcomes from surveys on this site. Firstly, some
practical depth of penetration information could be derived from surveys over a plunging
pipe and from surveys over the region above the outlet of storm water pipes, where the
depth of the target could be accurately determined. Secondly, the site provided an
opportunity to obtain the response of the CARIS-2 over both conductive gas pipes and
resistive concrete pipes or reinforced concrete pipes.
Test One: Area One - Dipping Pipe
The first test area, shown in Figure 7.11a, b d and e, was over an area where a steel
gas pipe plunged into the ground (see Area 1 Figure 7.12). The course of the pipe once
in the ground was unknown prior to surveying. The aim of the survey was to map
the conductive steel pipe as it descends underground. With the dip angle known from
surface observation the depth of the pipe can be estimated (assuming it’s dip remains
constant) beneath the surface. Knowing the depth of the pipe would provide depth of
penetration information for a conductive target for the CARIS-2 sensor responses.
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Figure 7.11: Photographs of Glenburn Bend Pipe Survey showing(a) dipping metal pipe
at survey area 1, (b) concrete support structure emerging from the ground on the edge
of area 2, (c) survey area 2 with concrete support structure on the right, (d) reverse
angle of concrete support structure towards survey area 2, (e) survey area 1 showing
two concrete supports and dipping steel pipe, (f) An additional stormwater pipeline
outlet near the survey site but considered too deep to be detectable by CARIS.
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Figure 7.12: Glenburn Bend survey areas schematic map showing Area 1 and 2 with
relative pipe locations. (More detail on grids in response maps.)
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Measurements were made on survey lines at a 0.2 m spacing, and a string guide was
used for accuracy on line. Measurements were made approximately every 0.33 seconds
and position on the line was acquired using the wheel distance counter.
Four response maps are shown for each area. These maps correspond to the small
and larger dipole responses. However these can normalised in two slightly different ways,
normalised to line (NTL) or normalised to the whole data set (NTW). The different
normalisation methods are explained and discussed in more detail in Appendix B. These
four response maps are shown in Figure 7.13 and Figure 7.14.
The survey in this area did not achieve its aim of providing information regarding
depth of penetration by tracing the response from the dipping pipe. In all four of the
maps it is difficult to show a significant response associated with the dipping pipe.
Other features are much more prominent, such as the area north of 6 m along the line,
there are some notable positive-response linear features across the survey lines on all
maps. These features may be associated with the large well-established tree nearby and
are possibly associated with roots or drainage areas. The northern end of the lines are
likely to have been affected by the presence of a rough wood chip-covered garden area.
For indication of a response to the presence of the dipping pipe, the NTW response
maps provide more useful results in comparison to the NTL response maps. The NTW
response maps highlight linear features that are present but muted in the the NTL
response maps. Most notably, a positive linear feature running parallel to the pipe
direction before it turns and dips, is apparent in the final 0.5 m on the far left of
the map between approximately 0-3 m along the line. This response became more
interesting, as further research was done post survey into the course of pipes in the
Glenburn Bend area.
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Figure 7.13: Glenburn Bend Survey Area 1 response maps, normalised to line data,
showing both the large and small separation.
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Figure 7.14: Glenburn Bend Survey Area 1 response maps, normalised to whole data,
showing both the large and small separation.
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Test Two: Area Two - Pipe Structure Extension Search
The second test area, adjacent to the first, was over what appeared to be a prior
continuation of the dipping pipe, which had since been diverted to plunge underground
(see Area 2 Figure 7.12). The pipe itself was metal. However, it was supported by a
concrete block structure (Figure 7.11b, c and e). The concrete block was 1 m thick
and approximately 1m deep. Its length was unknown, as it was partially buried. The
survey was over the buried portion of the concrete supporting block. It was suspected
that if the block were of the same length as another concrete block used for supporting
the dipping pipe, it would extend for 1.5-2.0 m into the survey area. However, the
continuation of the metal pipe inside the concrete block beyond that was unknown.
Surveying was made difficult by the presence of a telegraph pole (see Figure 7.12). Part
of the survey was therefore omitted; however, it was still possible to measure over the
extension of the concrete block.
Survey lines were measured at a 0.4 m spacing, and a string guide was used for
accuracy on the line. Measurements were made approximately every 0.33 seconds, and
position on the line was acquired using the wheel-distance counter.
Response maps for Area 2 are shown in Figures 7.15 and 7.16. In all maps, there is a
response associated with the extension of the concrete support and the pipe. The NTW
response maps (Figure 7.16) highlight the termination of the concrete support structure
better than the NTL response. However, the NTL map appears to highlight the exten-
sion of the pipeline. This is an interesting observation, as it emphasises the importance
of considering both normalisation methods. In this case, the NTW-normalised response
highlights along-line anomalies, while the NTL highlights the across-line anomalies.
The NTW maps show a square anomalous stub, which is likely to be the termi-
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Figure 7.15: Glenburn Bend Survey Area 2 response maps, normalised to line data,
showing both the large and small separation and possible extension of the concrete
support structure and pipe line.
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Figure 7.16: Glenburn Bend Survey Area 2 response maps, normalised to whole data,
showing both the large and small separation and possible extension of the concrete
support structure and pipe line.
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Figure 7.17: A map of the Glenburn Bend area showing Gas and Sewer services relative
to surveyed areas.
nation of the underground concrete support block extending approximately 1.2 m into
the survey area. The NTL maps, especially the smaller-separation response, shows a
continuous linear feature across the entire area in the location where the pipe most
likely would extend. This is positive affirmation that the pipe may extend across the
whole survey area.
The two interpretations observing, the end of the concrete block and the extension
of the pipeline, are significant and satisfy the aims of the survey. However, they are not
the major feature of the response maps. The major feature is the strong linear positive
feature extending diagonally across the right-hand end of the maps. The unexpected
remarkably strong response showed no surface expression or any visible surface cause.
Further research was made into determining a possible cause of such a dramatic feature.
Maps were obtained from the various service providers in the area. Figure 7.17
shows an overlay of the marked gas pipes and sewer pipes relative to the surveyed
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areas. It clearly shows the presence of a sewer pipe with a strike angle agreeing with
the linear anomaly identified in Area 2. Both the small and the large-separation sensors
are clearly responsive to the sewer pipe. However, the smaller separation response is
significantly larger in magnitude. This response is similar to the response from the
Royal Park survey and is suggestive again of the response not being to the actual pipe
but ground alteration directly above the pipe. This suggestion was supported by the
estimated depth of the pipe being being quite deep, in the order of several metres.
There are also some additional features which can be considered more briefly. Firstly
the anomalous low located just beneath the telegraph pole maybe associated with some
buttressing for the pole or it also compares well with the locations of a gas pipe value
primer marked on the map (see Figure 7.17). Secondly, according to the gas map the
diverted gas pipe which plunges underground across Area 1 returns to a parallel course
with the original pipe and cuts across Area 2. This may be evident as a mild high (blue)
cutting across the area just south of the 2 m mark along the line. Alternatively, it may
occur right at the very beginning of the area associated with the larger positive anomaly
at the left-hand edge of the map. It is difficult to be certain, as the maps provided by
the gas company are only a guide and do not claim a high degree of accuracy. Thirdly,
running down the telegraph pole and then in an unknown direction was a high-voltage
electrical cable. A response from this cable may be evident running directly to the right
of the marked telegraph pole. This response may contribute to the anomaly from the
termination of the concrete block and exaggerate the end point.
Comparison with Ground Penetrating Radar A GPR profile was also obtained
to compare and confirm the presence of the pipeline, the concrete support structure, and
other site features. The first survey line, in Area 2, was chosen as a sample comparison,
158
7.2. CARIS-2 FIELD MAPPING RESULTS
Figure 7.18: Comparison of CARIS-2 profile and GPR profile for the same line with signifi-
cant anomalies marked. (a) Large Separation CARIS-2 Profile, (b) Small Separation CARIS-2
Profile, (c) GPR Gain Adjusted section, (d) GPR P-K Filtered section
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as it is closest to the visible concrete support structure before it goes beneath the
surface. A 12 m line of GPR data, along the first line of Area 2 was obtained using a
Pulse Ekko GPR with 200 MHz antennas. GPR data points were gathered at 0.05 m
intervals along the line.
The results (Figure 7.18) clearly show a response corresponding to the concrete
support structure between 5-6m along the line (circled on Figure 7.18c and d). The
corresponding CARIS-2 response is indicated between the red lines. Although, there is
a large amount of background variation in the response, the area corresponding to the
know concrete block does show a series of peaks of slightly higher magnitude. So, for
the larger-separation, the positive-response earlier along the line do not rise above 8 but
increase to 12-15 percent and the negative-response from less than 15 to 25 percent. The
trough and the peak on just outside, on either side, of the area containing the concrete
block are considered to be a result of the reference sensor moving off the object. It is
not, however, conclusive and in this case interpretation of the concrete block is strongly
dependent on actually knowing that it is there.
The sewer pipeline feature, which was not anticipated prior to the survey, is not a
major feature of the GPR survey. In fact it is difficult to even notice a feature significant
enough to be a pipeline. This may not be surprising, as after contacting Yarra Valley
Water, the asset managers of the area indicated that the sewer pipe was at a depth in
the order of 4.5-5 m deep. This depth is too deep for a GPR at 200 MHz to gain a
reflection response, despite the large size of the pipe (950 mm diameter). It is also too
deep for the CARIS-2 to obtain a direct response from the pipeline.
Comparison with Modelled Response This knowledge seems to confirm postula-
tion that the CARIS system is responding to the burial effect upon the ground, not the
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Figure 7.19: Trench Block Model Response. A block 3m wide and 3m deep with K12 = 0.5
pipe itself. This idea can be tested with a modelled object. The conductivity bound-
aries established by the digging of a trench to lay the pipes can be simulated by the
boundaries of a resistive block. Figure 7.19 shows the sharp two peaked response of a
near surface block with a conductivity contrast value of K12 = 0.5. Two similar peaks
are apparent in the profiles obtained by the CARIS system. The peaks are especially
noticeable in the larger-separation response; however, they are not sharp but rounded
suggesting that the conductivity boundary is not as sharp as the modelled block but
more of a progressive change. Although the CARIS system cannot give the depth of the
pipeline, it does show beyond much doubt that a trench is present and provides some
clear information of its location.
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7.2.3 Diamond Avenue Pipe Survey
Survey Rationale
A survey was conducted in January 2008 in Diamond Avenue Reserve in Glen Waverley,
Melbourne. This location was chosen after the outcome of the Glenburn Bend Survey.
From the results of the Glenburn Bend survey, it became clear that a pipe line was
detectable; however, clarification was need as to whether the pipe itself was being
detected or the burial effect on the ground above the pipe. It seemed, after the further
information was obtained from Yarra Valley Water Limited regarding the depth of the
sewer pipe, that the pipe itself was too deep to be directly detected by the CARIS-2
system.
The Diamond Avenue site was chosen as it was obvious through surface observation
that large pipelines existed very close to the surface in parts of the reserve. Therefore it
provided a further element of control in that more knowledge of the depth to the pipes
was available. This was the case above the pipes shown in the Figure 7.20; however,
the pipes also extend further down below the observation point. In this section of the
pipe, the precise depth could not be confirmed by observation but was thought to be
reasonably shallow (within 1.5 m).
The aim of the survey was to obtain a more accurate characteristic response to a
near surface pipe or pipes. A secondary aim was to compare the CARIS-2 results profile
with the GPR response profile.
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Figure 7.20: Photo panel of Diamond Avenue Survey showing (a) a profile being acquired,
(b) the path profile location above drainage pipes, (c) the lower profile location, (d) and (e)
visible large drainage pipes entering the ground; this is the observation point.
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Figure 7.21: An Aerial Photo of Diamond Avenue Reserve with an over lay of drainage
pipes (blue) obtained from Yarra Valley Water Limited. The relative diameter of the pipes is
indicated by the thickness of the line. CARIS-2 survey lines are shown in white.
Results
Two lines were surveyed, and on each line CARIS-2 and GPR data were obtained. The
first line, the Upper Profile, was above the visible pipe lines (Figure 7.20d and e). The
majority of the profile surface was a gravel footpath (Figure 7.20b); however, a portion
at the beginning of the line was a grass verge adjacent to the footpath. The second
profile, the Lower Profile (Figure 7.20c) was below the visible pipeline exit but remained
over the continuation of the pipeline further downstream.
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Figure 7.22: CARIS-2 (a and b) and GPR (c and d) results profiles for Diamond Avenue
Upper Line. CARIS-2 profiles show two profiles, an initial and a repeat. (a) CARIS-2 Small
Separation Profile, (b) CARIS-2 Large Separation Profile, (c) GPR Multiplied gain trace sec-
tion, (d) GPR F-K Filter section.
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Upper Profile The results for the Upper Profile are shown in Figure 7.22. An
initial and a repeat profile were obtained for the Upper profile, shown in red and black
respectively. The repeat profile appeared to be noisier than the initial profile. In
fact, this was the noisiest profile obtained using the CARIS-2. The profiles shown in
Figure 7.22 have had a de-spike filter applied to remove noise. It is unclear why these
lines were so noisy. The most obvious explanation was the nature of the surface. This
profile was the only profile obtained where the majority of the profile was over a gravel
footpath. The actual physical movement of the instrument over the gravel resulted
in frequent jolting and shaking which may have resulted in drop-outs not experienced
on other smoother surfaces. Apart from this explanation, it was difficult to determine
another cause. Further tests could have been performed to ascertain the source of the
noise but as it was unique to this line, it was not pursued at this stage.
A prominent feature of the Upper Profile CARIS-2 response is the anomaly occurring
at the beginning of the profile indicated by the arrow in Figure 7.22. The cause of
this anomaly was the most straightforward to determine, as it corresponds directly to
the point of transition from the grass verge to the gravel footpath. It is therefore likely
that there are two aspects of this anomaly: a contribution caused by a small drop in
elevation from the grass verge to the path, and also a contribution from a distinct change
in near surface material, from grass and moist soil to gravel and compressed sand-path
basement. The CARIS-2 is shown here to be sensitive to a near-surface contrast in
material. This result is similar to the response of the CARIS-1 system, obtained in
the Bearham Lawn result. This change appears very subtly in the GPR profile. A
slight decrease in the intensity of the surface reflectors can be observed in the GPR
response prior to 0m due to the movement from near-surface moist soil to near surface
compressed sand and gravel.
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The main target feature of the profile was the concrete drainage pipe. According to
Yarra Valley Water Limited, the drain pipe has a diameter of 1.5 m, and from extrap-
olation and aerial positioning the pipe cuts the Upper Profile between approximately
7.5 m and 10 m on the line. Some uncertainties arose from comparison of information
obtained regarding the drainage pipe and the physical appearance of the site. From
the observation point there appeared to be two parallel pipes, rather than one, in both
directions, upper and lower, as shown on the map. However, it was unknown whether
one pipe forked off to the west as indicated on Figure 7.21. The entire open drain area
shown from the photos at the observation point (Figure 7.20d and e) was 4-5 m wide,
consisting of two pipelines with a separation of approximately 1 m edge-to-edge.
Both the CARIS-2 sensors showed a marginal depression in the response between
8-10 m along the profile. This depression corresponds well with the extrapolated pipe
position and also corresponds to a clear feature in the GPR gain adjusted response
(indicated by arrows on Figure 7.22c). However, the feature observed in the GPR
profile appears to be smaller than the expected pipe width, being approximately 1 m
rather than 1.5 in diameter or even larger if there are actually two parallel pipes.
Also, the expected response of a buried concrete storm-water pipe which constitutes a
conductivity contrast resulting in a conductivity coefficient approaching K12 = 1. This
contrast, according to modelled responses should result in a corresponding rise rather
than fall in response. The CARIS-2 response does show a broad peak on both sensors
a little further along the line between 10-12 m. This rise does not compare directly to
an easily observable feature on the GPR profile.
This discussion shows that despite increased intelligence concerning subsurface ob-
jects, the CARIS response does not show a clear response to the buried pipes. It also
shows a degree of similarity to the GPR response but also significant dissimilarity. This
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difference can be seen in the comparison of the two features marked on the GPR section
and the corresponding ones on the CARIS-2 profile. The result is therefore inconclu-
sive. If an interpretation was to made from the CARIS-2 results the pipe maybe placed
between 10-12 m however with the GPR probably between 7.5-10 m which seems to
agree more with the mapped position of the pipe.
Lower Profile The results for the Lower Profile are shown in Figure 7.23. The
dominant feature of the GPR profile obtained for this line is the obvious reflector marked
between the dotted red lines on Figure 7.23c and d, at approximately 11.5 - 15.0 m.
When this response is compared to the CARIS-2 response profiles, it is difficult to see
an obvious correlation to a particular anomaly. There appears to be a general low in
that area with various smaller peaks in between. However, the low is by no means
distinct and there are numerous other anomalies occurring of similar amplitude.
One of the strongest correlations between the CARIS-2 and GPR response occurs at
the beginning of the line. There appears to be a strong flat reflector between -1.5 - 1.5 m.
This corresponds to the largest positive peaks on the CARIS-2 response; however, the
nature of reflector is unknown. There also appears to be some correlation between some
other smaller features of the GPR survey but the most disappointing attribute of this
profile is the inability of the CARIS-2 system to differentiate between a relatively small
anomaly and what one would expect to be a large anomaly.
General Observations These results continue to reaffirm the high repeatability of
the system and the fact that the CARIS system is responding to real near-surface
variations in conductivity that are not altered by dragging the instrument over the
surface of the ground. It seems that, generally speaking, in this location, although a
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Figure 7.23: CARIS-2 (a and b) and GPR (c and d) results profiles for Diamond Avenue
Lower Line. CARIS-2 profiles show three profiles, an initial, a repeat and a second repeat. All
profiles show the pipe zone between red dotted lines. (a) CARIS-2 Small Separation Profile,
(b) CARIS-2 Large Separation Profile, (c) GPR Multiplied gain trace section, (d) GPR F-K
Filter section.
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response from the target pipes may have been recorded, it is not significantly different
from other surrounding responses on the profile to be overly useful. It shows that
making conclusions from a single line of CARIS-2 data is exceedingly difficult and
really requires maps of a number of profiles to draw correlations between lines. Also,
even when some subsurface information is known, such as the existence of large pipes,
the CARIS system obtains responses from a number of less significant features which
increase the difficulty of interpretation.
7.2.4 South Werribee Beach Survey
Survey Rationale
In January 2008 a survey was completed at South Werribee Beach. There were initially
two proposed aims for the Werribee site; however, the first aim could not be fulfilled.
The first aim was to produce a test site with known buried objects such that the
object burial effect could be removed or minimised. The proposed method of achieving
this test site was to bury weighted plastic boxes in the beach sand, then to allow the tide
to saturate the sand and remove the burial effects. This test might have been useful for
determining a typical response for a particular type of object, and could then have been
compared with a modelled response and calculated response variation with depth. It
was further proposed as an ideal test for determining the difference in response between
the CARIS-2 system and GPR response in a highly conductive (saltwater) environment.
Similar to tests with the CARIS-1 system in the laboratory Saltwater Tank and beach
tests, this test was aimed at increasing control over the environment in order to better
understand the results.
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This site, however, for various reasons proved to be unsuitable for this test. The buried
objects, after being left to settle over a period of several tides, could not be at the
location they had been buried on returning to survey, they were no longer physically
present. No attempt was made to repeat this test in this location as it was likely to be
unfruitful.
The second aim was similar to the Diamond Avenue survey: to perform a survey
over an obvious near-surface pipe, and compare the results with a GPR profile. In this
location, however, although the target was the same as at Diamond Avenue, it proved
to be a much more accessible site with much more control and understanding of the
pipe location relative to the line. Much more prior knowledge of the position of the
pipeline could be obtained as both ends of the pipeline could be observed, and diameters
and depths of the pipes could be more accurately accessed and measured. Figure 7.24
shows a schematic map of the South Werribee site and a picture is shown is Figure 7.25.
Results
CARIS-2 and GPR data was acquired at 0.05 m data-point spacing, from two survey
lines (Figure 7.24). Line 1 crossed the pipelines on a flat section of the nature strip
between the road and the footpath over a section before the two merge into one. Line
2 crossed the pipeline closer to the beach after the two pipes had merged into one. The
ground elevation had dropped on the sandy grass-covered section to actually be below
the level of the pipe. However, the ground on either side of the pipe had been filled in
and built up in order to cover the pipeline as much as possible (Figure 7.26). Much of
this fill appeared to be large basaltic rocks, many of which were partially apparent on
171
CHAPTER 7. CARIS FIELD MAPPING RESULTS
Figure 7.24: (a) Schematic Map and (b) Section of Pipes at the road
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Figure 7.25: A cross-sectional photograph of the pipes surveyed at South Werribee Site
the surface. Because of these inhomogeneities around the pipeline in addition to the
1m rise and fall of the terrain on either side of the pipeline, the pipeline response of
Line 2 was not expected to be as clearly detectable as on Line 1.
Line 1 The CARIS-2 response profiles are dominated by two clear anomalies marked
with the red dotted lines on Figure 7.27. These anomalies correspond clearly to the
presence of the two pipes which cut the line. The correspondence is not only in terms
of location but also in terms of amplitude, the larger response corresponding to the
larger pipe, and the smaller anomaly to the smaller pipe. These responses are much
more obvious than the responses at Diamond Avenue with the peaks clearly greater
than general noise. Again, a high degree of repeatability can be observed between the
initial and repeated line.
The GPR profile (Figure 7.27c and d) also shows a response to the larger pipe which
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Figure 7.26: (a) Object burial area after objects had been removed, showing flooded stream
from nearby storm water outlet after a significant downpour of rain. (b) Photo looking down
the pipeline to the beach from Line 1. The pipe line is clearly visible (c) Photo of Line 1,
perspective from end to the beginning of the survey
174
7.2. CARIS-2 FIELD MAPPING RESULTS
Figure 7.27: Werribee Line 1 results profiles (a) Large Separation CARIS-2 (initial line black,
repeat line red) Profile, (b) Small Separation CARIS-2 Profile (initial line black, repeat line
red), (c) GPR Gain Adjusted Profile, (d) GPR P-K Filtered Profile
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Figure 7.28: Werribee Survey Pipe Model, (a-c) Geometry of the modelled objects, (d) The
resultant modelled profiles for the line shown on (c), red is smaller-separation sensor model,
and blue is larger-separation sensor model.
corresponds well with the larger CARIS-2 anomaly. A more subtle reflective feature
corresponding to the smaller pipe can be observed. The interpreted pipe GPR responses
are indicated by solid circles. The dotted circles highlight features which are comparable
in magnitude to the interpreted small-pipe feature. In this location, the observation
of both pipes appears more distinct in the CARIS-2 response rather than the GPR
response. The approximate depth of the pipes from the GPR data compare with the
expected depth range from site observation and measurement.
Comparison with Modelling Two models were obtained for the Werribee Line 1
location. The first model (Figure 7.28) obtained models objects that corresponded to
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Figure 7.29: Werribee Survey Disturbed Ground Model, (a-b) showing the geometry of the
modelled objects, (c) the resultant modelled profiles for the line shown on (b), red is smaller
dipole-separation model, and blue is larger dipole-separation model.
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the size, depths, and positions of the two storm-water pipes that pass under the line
surveyed. These objects were modelled with high conductivity contrast (K12 = 1). The
second model (Figure 7.29) represented trenches that model an area of conductivity
contrast representing the disturbed ground above the pipes. This area is represented
by a block with a lower conductivity contrast (K12 = 0.5).
There are two significant points to glean from this modelling example. Firstly,
there is a clear difference in the amplitudes of the responses in Figure 7.28d and 7.29c.
The response of the pipe simulation has a much smaller response amplitude than the
disturbed ground model. This is largely due to the fact that despite having a much
smaller conductivity contrast, the disturbed ground is much closer to the surface and
thus the response is significantly larger. Secondly, the disturbed ground model am-
plitude corresponds best to the response obtained with the CARIS system. There is
some difference, which is to be expected, since the modelled response normalises the
response to the known direct primary field at the sensor. In the case of the field data,
this normalising value cannot be as accurately known, but a normalising value is used
based upon a point value or an average value assumed to represent the primary field.
The form of the disturbed ground response is slightly dissimilar from the two-pipe
model. The disturbed ground model shows more peaks and troughs corresponding to
the two trenches. However, the field response shows a response typical of only one larger
object, indicating that one trench rather than two separate trenches were dug to bury
the pipes.
Line 2 The response profile along Line 2 contrasted sharply with the clarity obtained
from the Line 1 result, as was expected. Figure 7.30 shows the CARIS-2 results for Line
2. The position of the pipeline is marked between the two red dotted lines. A response
178
7.2. CARIS-2 FIELD MAPPING RESULTS
Figure 7.30: Werribee Line 2 results profiles (a) Large Separation CARIS-2 Profile, (b) Small
Separation CARIS-2 Profile
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similar to that on Line 1 (Figure 7.27a and b) is obtained over the pipeline with a
slightly higher peak percentage of the primary field. However, various other significant
anomalies that are actually more prominent than the pipe response are measured on
Line 2. Due to the nature of the site, it was difficult to attribute each anomaly to a
specific object. It is likely that these responses are a direct result of the existence of
large basaltic rock fill and other inhomogeneities.
Testing in this location proved highly beneficial for several reasons. Firstly, it again
showed the ability of the CARIS system to obtained a significant response from a
buried resistive object. Secondly, it showed that in some locations the CARIS-2 system
can provide more definitive positional information than a GPR system. Thirdly, the
geometry of the target was simple enough to be easily modelled and compared with the
modelled response. Finally, it again showed that background response from rock cover
is often heterogeneous.
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Case Study: Terme Di Caracalla
(Caracalla Baths) Archæological
Site
8.1 Background
In July 2008 an experimental demonstration of the CARIS-2 system was arranged with
the Ministero per i Beni e le Attivita` Culturali at the Roman era ruins of the Caracalla
Baths in Rome, Italy. The Caracalla survey had two main aims: Firstly, to obtain
data from an archæological site in order to examine the usefulness of the system for
archæological applications, and secondly, to compare the obtained CARIS data with
resistivity data also obtained on the site.
The Caracalla baths were built in the early 3rd Century AD by the Emperor Cara-
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calla. They functioned as baths and as a general leisure facility for about two hundred
years, before barbarian invasions and the subsequent interruption in the water supply
forced the abandoning of the area ((?)). The site is now an open tourist attraction and
a protected archæological site with on-going investigation managed by the Ministero
per i Beni e le Attivita` Culturali Soprintendenza archeologica de Roma.
Experimental surveys were completed at various locations; however, only one site
coincided with a resistivity survey completed by a third party contractor. Hence, only
results will be discussed from that area. There was no specific expected target for this
site; however, it was likely that there were buried structures associated with the bath
furnaces and their connection to the aqueducts. No previous investigation or excavation
had been reported on this particular area.
8.2 Location and Survey Parameters
The Caracalla Baths are located in Rome, Italy approximately one kilometre south
of the Rome Colosseum. The whole site itself is quite large (Figure 8.1) but, to
avoid tourist disruption, the specific survey area was limited to an area approximately
45 x 30 m slightly removed from the main Bath complex. Figure 8.2 shows the site in
more detail. Local grid coordinates were used as indicated. Surveys of the area with
the CARIS-2 system were undertaken at 0.5 m line spacing. A survey was completed
with lines in the y-direction and then repeated with lines in the x-direction. Lines
within each orientation were unidirectional, with lines in the y-direction measured from
45 m to 0 m, and lines in the x-direction from 0 m to 30 m. The presence of some
broken pillars on the edges of the area meant all lines could not be completed for the
entire length of the area (Figure 8.3a). The resistivity survey was completed by a
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Figure 8.1: Photo of Caracalla Baths site with survey area marked in red
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Figure 8.2: Caracalla Baths Survey Area
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Figure 8.3: Caracalla Survey. (a) Pillars located on the edge of the survey area, (b)
CARIS-2 survey in progress, (c) CARIS-2 survey and Resistivity Survey in process
concurrently.
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local Italian geophysics team from GeoRes consisting of five men (Figure 8.3c). The
team collected 10 lines of data in the y-direction at 1m line spacing, so not all of the
area was surveyed by the resistivity team. Electrodes were stationed at 1 m spacings
and data was collected in a dipole-dipole format. The resistivity survey time with au-
tomated data collection and a reasonably large and experienced team with short lines
was comparable to the survey time of the CARIS system. In fact, with the line spacing
of the resistivity survey double that of the CARIS-2 survey, the resistivity data could
be acquired slightly faster with this lower resolution format. However the resulting
data was of much lower spatial resolution that the CARIS-2 data. The CARIS survey
was therefore slightly less that twice as fast as the resistivity survey, completing almost
twice as many lines in the same period of time.
CARIS-2 data was acquired using the same procedure in previous surveys (Figure
8.3b). The straightness of the lines was maintained using a string guide, and the wheel
positioning system was again used to measure distance along the line. Data quality
was maintained during acquisition through real-time monitoring. On this occasion, the
CARIS-2 was operated with a team of three; a tower, a data monitor, and a survey line
mover.
8.3 Results
8.3.1 Resistivity Survey
Resistivity data was obtained from the contractor post processing, and inverted re-
sistivity depth slices could be simply plotted based on this information. No further
processing was applied to the resistivity data. The depth slices of most interest are
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those closest to the surface within the sensor separation of the CARIS-2 system. The
top two slices at depths of 25 cm and 75 cm are shown in Figure 8.4.
There are several notable features that can be observed from the resistivity result:
1. A clear linear resistive (red) feature cuts across the survey area at 10 m. This
feature extends through both depth slices and is approximately 1.5 - 2 m wide.
The near-surface 25 cm slice generally shows less distinct resistive trends than the
75 cm slice. Though many features present on the shallow slice are also present
on the deeper slice.
2. A patchy resistive strip is able to be traced from about 15 m along the lines to
the right of the map diagonally down to about 40m on the y-axis. The features
on the 75 cm slice are much more pronounced. The more intense areas on the
25 cm slice have been intensified further, plus,
3. There are some additional features, particularly towards the ends of the lines
(from 30 m down) that did not appear on the shallower slice. The average size
of the anomalous features are about 2 m in diameter with the biggest discrete
feature,
4. At (7,15) about 5 m in diameter. The apparently resistive objects have a resistivity
of approximately 100 Ohm.m, with the peak values going off the scale but being
around 500 Ohm.m, and the background apparent resistivity being approximately
30 Ohm.m.
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Figure 8.4: Caracalla Resistivity Survey Results, (a) 25cm depth slice, (b) 75cm depth
slice.
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8.3.2 CARIS-2 Survey
Two sets of survey data were acquired at the Caracalla site: the original orientation
or long-line data gathered with lines in the y-direction (Figure 8.5), and cross-line
orientation gathered with lines in the x-direction (Figure 8.6). Both data sets were
obtained in order to examine to effect of the orientation of the E field and sensors
relative to potential targets.
A different processing method from previous surveys was used with this data in
order to combine the two channels of data into one map. The same process was used
for both the long-line data and the cross-line data. The data was normalised as per
previous surveys (see Appendix B); however, then additional gains were applied to the
channels. A gain of three was applied to the larger-separation data and a gain of two to
the smaller-separation data. The aim of this was to enhance the anomalous highs and
lows and to equalise the data range of both channels of data. This allowed a simple
addition of the two data sets, resulting in a combined map with enhanced features. A
simple 2D smoothing filter was then applied to this combined data to remove higher-
frequency responses and produce a smoother map that highlights the larger anomalous
features.
Some general observations can be made of the complete map then some more detailed
comparisons with the resistivity data collected over a smaller area will be made in the
next section. The first observation to be noted is the difference between the two data
sets. It seems clear that the orientation of the system relative to objects results in
some significant differences in the resultant maps. Secondly, the maps portray high
resolution near-surface resistivity contrast information and show a large amount of
anomalies, which made interpretation quiet challenging. Features in the cross-line map
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Figure 8.5: Caracalla CARIS-2 Survey Original Long Line Results
190
8.3. RESULTS
Figure 8.6: Caracalla CARIS-2 Resistivity Survey Cross Line Results
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(Figure 8.6) appear to be more discrete and show more negative responses than positive.
There exists a considerable number of linear features across multiple lines. Thirdly,
the magnitude of the response at the beginning and end of the lines can often be
exaggerated, because of surveying method (such as the operator raising the sensors off
the ground while beginning to pull the device and preparing to turn at the end of the
line), and not to be considered to reliable. Finally, given the uncertainty of CARIS data
interpretation, it would be quite difficult to make confident associations of the anomalies
to specific archæological features. More experience and validation are required to make
useful interpretations. Part of that validation and experience can come from comparing
the CARIS results to the resistivity surveying results.
8.4 Comparison of Results
There are numerous factors that make a direct comparison between the CARIS-2 re-
sponse and the resistivity response complicated. An important factor is the intrinsic
difference in methodologies. The resultant resistivity map shows an apparent resistivity
whereas the CARIS response displays relative resistivity contrast. This is obviously
going to produce differences in the appearance of results, with CARIS data anomalies
maximum at the boundaries and Resistivity data anomalies maximum over the bodies;
however, it will not mean that no comparison can be made. The two methods are
related but different. Therefore, there should be a clear relationship between the two
sets of results, but at the same time significant difference.
Another significant factor is that the CARIS-2 response, especially with combined
channels, does not correspond to a particular depth slice but to a depth range. There-
fore, more features can be reasonably expected. The depth range of the CARIS is
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estimated to be between the surface and half the sensor-reference separation distance
(about a 75 cm maximum range).
A further factor is the increased resolution of the CARIS data compared to the
resistivity. The CARIS survey has a five times higher spacial resolution when compared
to the resistivity survey. This inevitably means that the resultant CARIS map, even
with a degree of smoothing, will be more detailed than the resistivity map.
For the purposes of comparison with the resistivity data, the CARIS-2 map has been
cropped to cover the same area as the resistivity survey. Outlines of the features from
the resistivity map have been traced and overlaid over the two directions of the CARIS
survey (Figure 8.7). Some clear correspondences exist. The best direct correspondence
occurs with the cross line (CL) map. The major linear feature at 10 m on the resistivity
map is clearly evident in the CARIS-2 CL response, as are a number of the features
(labelled D-J) that continue down the map. There are some also some additional
features present that do not occur in the resistivity map. In general, there appears to
be some good correspondence between the the two results with the negative-amplitude
areas corresponding to resistive areas from each slice in some instances.
Comparison with the long line (LL) CARIS map is less straightforward. The major
linear feature at the station 10 m of the survey is not as apparent, and lows do not in
general correspond to resistive highs. Rather, there are several (labelled A-C) instances
where highs in the CARIS response correspond to resistive areas. CARIS anomalies on
the LL map appear to be more indicative of the boundaries of the resistive areas. The
large area negative-amplitude responses on the CARIS map that stretches diagonally
across from the bottom of the map from 2200 to 4000 cm appears to have a good
correlation with the edge of the resistive area on the 25 cm slice. This may be because
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Figure 8.7: Comparison of CARIS-2 and Resistivity Results. Resistivity features are
outlined in black for 75 cm slice and red for 25 cm slice.
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whatever is causing the resistive feature may be diverting ground moisture that the
CARIS is detecting, or it may be simply detecting the edge of the resistive feature. The
linear feature at the top, close to the 1000 cm station, also appears to have a series of
responses across adjacent lines, indicating the edge of another resistive area.
If the linear feature at the top of the map were taken as an example, consideration
can be given to why it is so clearly apparent in the map with survey lines parallel, and
only indicated slightly on the map with survey lines cutting directly across it. With
lines parallel to the feature, there will be some lines where neither sensor or reference
pass over the object yet the field as a whole is affected by the presence of the object
nearby. This response will affect all sensors, and raise or lower the general overall
response along the entire length that the object is present. When the CARIS crosses
the object on the survey with lines perpendicular to it, anomalies occur as the sensor
and the reference pass over the object’s edge, resulting in lower-amplitude anomalies of
shorter spatial extent.
This hypothesis, for differing results depending on the direction of the survey lines,
can be supported by some simple model examples. Results were obtained for CARIS-2
models over an identical resistive block (2 x 4 x 1 m), with K12 = 0.5 at a depth to top of
2.5 m, with the survey lines in two different directions. The results are shown in Figure
8.8. Figure 8.8a shows the response over the block when CARIS-2 survey lines were
in the horizontal direction, relative to the object. Figure 8.8b shows the response over
the same block when CARIS-2 survey lines were in the the vertical direction relative
to the object. If each of the survey directions were reversed (ie. from east-to-west
and north-to-south respectively) the response would be flipped (ie. negative anomalies
become positive).
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Figure 8.8: Shows differing results over a constant resistive block based upon the ori-
entation of the survey line to the object. (a) Shows the response over the block with
horizonal survey lines, (b) Shows the response over the same block with vertical survey
lines.
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It is clear that the responses have significant differences. The leaving edge, per-
pendicular to the survey direction, on both models, displays the strongest positive
anomalies. Whereas the leading edge, parallel with the survey direction, in both mod-
els displays the strongest negative anomaly. It also become obvious from this model
that over the edges of the object is where the anomalies occur, rather than over the
object itself. Giving further though to the orientation of the survey, if perpendicular
survey lines are arranged, so that the vertical survey is south-to-north, beginning in the
southwest corner; and if the horizontal survey is west-to-east beginning in the north-
west corner, as was the case with the Caracalla Survey. The two survey results will
appear not only to show differing edges with prominent anomalies but also reversed
they would be reversed in direction and look significantly different.
This reveals somewhat of a flaw in the surveying method, that on reflection could
easily have been rectified. If both survey lines started from the same location then
results may have been quite different and somewhat more comparable.
8.5 Conclusion
Several conclusions can be made from the Caracalla CARIS-2 Resistivity test. Firstly,
that a direct comparison shows good spatial correspondence between the near-surface
resistivity results and the CARIS results. This is a major conclusion emphasising the
potential and the validity of the CARIS method.
Secondly, orientation of the CARIS survey is important. It will therefore be neces-
sary to make decisions based upon expected targets as to the best direction of survey,
or to survey in multiple directions.
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Thirdly, interpretation of CARIS data remains challenging and is really only in its
infancy. More work, experience, ground truthing and comparison with other methods
is required to provide confidence in making specific solid interpretations from the data.
Fourthly, CARIS can provide fast, high-resolution data of near-surface conductivity,
in this case, significantly faster than the resistivity survey and could be speed up further.
Fifthly, CARIS can provide useful information in an archæological context, with no
impact on the surface environment at all, such as the linear resistive feature, close to
station 1000 cm, which was strongly apparent on both the resistivity and the CARIS
surveys.
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Conclusions and Discussion
9.1 Conclusions
The aims of this thesis were to develop an instrument that fills a niche in geophysical
instrumentation for a tool that is fast, non-contact or minimal contact, and respon-
sive electrically to resistive targets in resistive and conductive environments. This aim
was sought to be achieved through the development of a Capacitive Array Resistivity
with Inductive Source (CARIS) system specifically optimised for discrete near-surface
targets. The CARIS system is simply dragged over the surface, and thus meets the op-
erational aims of speed and minimal contact. Major conclusions were reached through
the development and testing of the CARIS systems.
Firstly, the CARIS system can clearly detect objects in a conductive homogeneous
liquid, with high repeatability of data. This result validated the concept of the CARIS
method and established the stability of the instrumentation, as demonstrated by the
close correlation between measurements and modelling. This conclusion was reached
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through testing of a prototype CARIS instrument in ideal laboratory conditions. A
salt-water fish tank was used as a conductive medium, resistive (plastic) objects were
lowered into the tank, and measurements were made (Chapter 6).
Secondly, the CARIS system can measure responses to near-surface variation in non-
laboratory field conditions with high repeatability. It was determined that properties of
the near surface, such as moisture content and soil consolidation, can significantly affect
the electrical homogeneity of the medium and thus the uniformity of the background
reading. The CARIS proved to be quite sensitive to variations of this nature. This
conclusion was reached through testing in various locations and with varying degrees
of control over the ground conditions of the test (Chapter 6).
Thirdly, following from the second conclusion, although the design aim of the CARIS
system was to detect the presence of discrete buried objects, it proved to be more
responsive to the effects of the burial process rather than the objects themselves (Section
6.6). It was concluded therefore that the method of excavation, burial and refill material
was of high significance in CARIS interpretation. This was reinforced by modelling
which showed that shallow boundaries of small conductivity contrast could quite easily
produce more significant anomalies than target objects which are deeper and have higher
contrast. This conclusion was reached through testing in specifically selected locations
with a visible or known target present.
Fourthly, after gathering some concurrent data with both GPR and Resistivity
(Chapter 6 and 7), the CARIS system shows some distinct differences in results but
also some very clear spatial similarities. Comparisons with other geophysical tech-
niques show that the CARIS method is valid and is able to detect features that are
seen with both Resistivity and GPR. However, it has also shown that interpretation of
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the CARIS results can be complex and as yet still requires more experience and more
complex modelling.
9.2 Discussion
9.2.1 Implications of Conclusions
The fact that the initial CARIS prototype system was successful in sensing electrically
resistive objects in a more conductive medium showed clearly that the CARIS method
using an inductive field and capacitive sensors is valid (Chapter 6). However, the labo-
ratory test environment was highly idealised. The significance of this fact was apparent
when tests were shifted from the ideal test conditions to external field conditions. It is
usual for larger-scale geophysical investigations to assume and find that the background
is fairly uniform. It was discovered that at the small scale of the CARIS, even in loca-
tions that were considered a reasonably homogeneous medium, such as beach sand or in
a sand pit, considerable variation in response could be obtained from the CARIS. These
responses could be reproduced repeatedly, and additional anomalies could be obtained
in a profile by increasing the moisture content or by disturbing the medium. Neither
of these effects was apparent in the initial laboratory test medium, since a homogenous
liquid was used.
This realisation increased the need to understand the component nature of the
response obtained by the CARIS. Under ideal conditions of the test tank, meant that the
most significant contribution to the CARIS response was from the object itself, while a
background response of the tank also was observable. In external, field conditions, the
background response and the object response were still present. However, due to the
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burial process for most cultural type targets, an additional contribution from electrical
barriers and contrasts in material became dominant. This contribution is largely from
the disturbance that continues from the surface to the depth of the object. Even when
the contrast between the undisturbed ground and the disturbed ground is not huge, a
much more significant anomaly than the target object at depth may be obtained from
the disturbance.
This response from the disturbed ground meant that accurately replicating the labo-
ratory response of the CARIS system to targets in the field proved impossible. Attempts
were made to find or create environments with sufficient control so that an accurate sig-
nature response from certain objects could be derived outside of laboratory conditions.
However, it was found that sufficient control could not be obtained. Even in relatively
uniform mediums, such as wet beach sand, if an object were buried and then surveyed,
the response remained a combination of object response, burial effects, and background.
Anomalies could be generated simply by altering the near-surface conditions through
digging.
The implications of this discovery for the CARIS system are both positive and
negative. Positively, it means that objects that have been buried at significant depth
unable to be recognised by magnetic or other electromagnetic devices may be able to
be recognised by the burial signature which the CARIS system is able to detect. This
situation is likely to be particularly true for recent burial. However, negatively it makes
specific object recognition more difficult, as there is constantly an uncertainty as to
which component is dominant in the response profile.
Some of these difficulties were removed when surveys moved from profiling to map-
ping (Chapter 7). Mapping of data allowed comparison of responses on adjacent lines
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to be one of the best indicators of continuous objects and discontinuous near-surface
variations. There are other possibilities that may improve the ability to distinguish
real objects from variations in medium, such as more refined use of perpendicular line
directions or twin loops, to collect information in both directions simultaneously, or
expanded sensor separations or comparison with other geophysical methods.
Comparison with other methods, especially the resistivity method (Chapter 8), has
validated the some effectiveness of the CARIS system for near-surface (within approx-
imately half the CARIS sensor separation) detection of resistive objects. This result
has shown that there is potential for the CARIS method to be used as a fast and high-
resolution alternative to the resistivity method. The comparison with resistivity data
has also shown the significance of the direction of the survey lines relative to the target
objects. It is therefore important to either know something of the expected target or
to include both directions in surveying. Data from both directions could be obtained
simultaneously in future CARIS surveys to improve the results and remove the need to
cover the surveyed area twice.
9.2.2 Limitations and Recommendations
Instrumentation
The scope of this project has been to develop and test the CARIS method. Two CARIS
instruments have been developed with this aim. These developments have been suffi-
cient to reach the conclusions obtained in this thesis. However, both instruments are
essentially prototypes. Effort has mainly been expended in the development process
to get to the point where they can obtain reliable results. Achieving that, there re-
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mains some significant areas in which these instruments could be improved. Areas of
improvement could be through ease of operation via ruggedised design and construction
and improved positional methods such as accurate GPS, increased speed through more
sophisticated data acquisition methods, and some further methodological changes such
as removing the need for the distant ground point.
Interpretation
Interpretation of the CARIS data is an area that would benefit from further research.
Due to the nature of the CARIS method being sensitive to relative contrasts in sub-
surface conductivity, interpretation of data can be a complex task. This complexity is
increased with the number of sensors in the array. Currently, the system of interpre-
tation of data through spatial correlation relies heavily on the normalisation method
chosen.
The component nature of the response obtained by the CARIS system added signifi-
cant complexity in determining information regarding the depth of potential anomalous
bodies. A near-surface disturbance could generate an anomaly of the same magnitude
as a deeper object. Therefore, an ambiguity exists in depth discernment that requires
further investigation. Increased spatial resolution using a multi-sensor array, with larger
sensor separation, is likely to be a key component in discrimination of depth. Maps
produced at this stage are essentially two dimensional, giving positional information
of subsurface targets accurately in the x-y plane but only within the achievable depth
range in the z-plane. This could be improved however, through variation in survey
geometry in a similar manner to conventional resistivity surveying.
The most effective immediate use of the CARIS system is for mapping rather than
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profiling. Mapping significantly improves the ability to understand data when trends
can be obtained across lines. This ability is the strength of the system, and where its
greatest current potential lies.
Comparisons with resistivity results proved very useful for understanding and inter-
preting the complexity of CARIS data. It emphasised the fact that the CARIS method
delineates boundaries of bodies because of its response to the relative conductivity
contrast, rather than its determining an absolute apparent resistivity. Further work
comparing results from other methods and ground truthing is required to build deeper
and deeper understanding of CARIS data. A deeper understanding of CARIS data is
required in order to build confidence in interpretation. This confidence is essential so
that in future surveying, realistic interpretations can be made quickly with CARIS data
only.
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Appendix A
Expansion of Discretisation
Calculation
The solution to the integrals (Eq.3.22) for electric field components at a point due to a
charge density over a discrete area with reference to Figure A.1, can be determined as
follows (Macnae 1981);
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Figure A.1: Discrete Charge Integral Geometry
These definite solutions could have been used in the discrete area charge density calcu-
lation; however, the approximation method was used rather than these for simplicity.
This, of course, introduces a degree of error as a result of the approximation. This
error can be easily determined by comparing the solutions of the two calculations. The
degree of error obviously being distance-dependent, the closer the point to the discrete
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area the worse the point approximation method becomes. The difference or error in the
resulting E can be defined as:
∆E =
(Ex −Exp)
2 + (Ey − Eyp)
2 + (Ez − Ezp)
2(
E2x + E
2
y + E
2
z
)1/2 (A.4)
Macnae (1981) provides a series of percentage differences based upon a distance-area
ratio. These show that for,
r0
a
> 15, ∆E < 0.3%
r0
a
> 10, ∆E < 1.0%, and
r0
a
> 4, ∆E < 5.0%.
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Appendix B
Normalisation Methods
CARIS Normalisation
Several variants of the normalisation method were employed with data acquired by the
CARIS instruments. This appendix will highlight some of the methods employed and
considered. Normalisation is necessary for several reasons:
• The CARIS systems operate with a moving inductive source. The effect of the
exciting electric field on the sensors is constant and therefore can be used as a
constant normaliser to show the secondary effect relative to the primary.
• The CARIS systems do not measure absolute conductivity values but relative
conductivity comparisons between sites can be made through normalising to the
unique response of the environment.
• The geometry of each sensor-reference pair is different relative to the inductive
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source. There is a geometric factor that results in a different magnitude of response
ranges for each channel. Since the geometric factor is constant on the normaliser
used for each channel, the geometric offset is removed, and comparisons can be
more easily made between channels.
Normalisation Methods
The normalisation method consists of two basic steps. Firstly, each channel response
Vx is scaled with reference to the largest response channel. This scale factor is based
upon the average response of all channels,
V xscaled =
Vx
( Vx
Vmax
)
. (B.1)
This normalisation effectively removes the geometric factor. The second step is to
determine a normaliser, and then the basic method of normalisation is applied so that
the normalised response is a percentage of the primary field estimation,
V xnorm = 100(
V xscaled
Normaliser
− 1). (B.2)
Several normalisation factors have been considered. Each method seeks to make an
estimation of the constant primary plus the background component of the response.
The Normalised to Point (NTP) method takes one point at the beginning of the
survey or somewhere else and uses this point as this normalisation factor. This assumes
that the position where the point is obtained is essentially a quiet location (i.e the total
response obtained is directly from the loop or a background response).
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The Normalised to Line (NTL) method takes the average response over an entire
line to be indicative of the primary and background response. Again, this requires that
the line not be too anomalous. This method is advantageous if some time has pasted
between acquisition of sections of the survey, or if the distant ground reference has
needed to be moved during surveying.
The Normalised to Whole (NTW) method takes the average of the whole data
set for every sensor’s response as the normaliser. This average response is considered
to be an approximation of the primary response combined with a background response.
Again, this assumption may be flawed in highly anomalous areas; however, for the
purpose of this research, no sites were considered that were likely to be overly cluttered
with objects causing a secondary response.
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Appendix C
Pictographic Development of the
CARIS Systems
CARIS-1
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Figure C.1: A basic pre-CARIS sensor test at Studley Park, Melbourne (Feb-2006).
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Figure C.2: Laboratory test of the First Generation CARIS-1 System (Sept-2006). (a) Show-
ing sensors on fish tank with loop and data monitoring. (b) Showing 8 sensor array next to
loop with 3 Bluetooth transmitters, later reduced to 1.
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Figure C.3: Laboratory test of Second Generation CARIS-1 System (Nov-2006).
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Figure C.4: Laboratory test of Third Generation CARIS-1 System (Feb-2007). (a) A two
sensor test with the addition of a third reference sensor offset. (b) Shows the amplifier on top
of tank and control board supported by a box.
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Figure C.5: (a) Swimming Pool (homogeneous half-space) Test of Third Generation CARIS-1
System (Feb-2007). (b) Kooyong Sand Pit Test of Fourth Generation CARIS-1 System with
different reference sensor position (Mar-2007).
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Figure C.6: (a) Fourth Generation CARIS-1 System at Kooyong Test (Mar-2007). (b) Fifth
Generation CARIS-1 System in Laboratory, addition of perspex ski (Apr-2007).
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Figure C.7: (a) Fifth Generation CARIS-1 System in Laboratory (Apr-2007). (b) Parkdale
Beach Test of Fifth Generation CARIS-1 System (Apr-2007).
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Figure C.8: Ridley College mapping test of Sixth Generation CARIS-1 with addition of wheel
counter (Jul-2007).
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CARIS-2
224
Figure C.9: (a) CARIS-2 in the Laboratory. (b) Operational CARIS-2 System tested at Royal
Park.
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Appendix D
Additional Resultant Response
Maps with Comments
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APPENDIX D. ADDITIONAL RESULTANT RESPONSE MAPS WITH
COMMENTS
Ridley College - Baker Lawn
228
Figure D.1: Ridley College, Baker Lawn All Sensor Response Map showing NTL (top) and
NTW (bottom).
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COMMENTS
Figure D.2: Ridley College, Baker Lawn Sensor 1 and 7 Response Map showing NTL (top)
and NTW (bottom)
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Figure D.3: Ridley College, Baker Lawn Sensor 2, 5 and 8 Response Map showing NTL (top)
and NTW (bottom).
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COMMENTS
Figure D.4: Ridley College, Baker Lawn Sensor 2, 5 and 8 Response Map showing NTL (top)
and NTW (bottom).
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Ridley College - Bearham Lawn
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COMMENTS
Figure D.5: Ridley College, Bearham Lawn All Sensor Response Map showing NTL (right)
and NTW (left).
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Figure D.6: Ridley College, Bearham Lawn Sensor 1 and 7 Response Map showing NTL
(right) and NTW (left).
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COMMENTS
Figure D.7: Ridley College, Bearham Lawn Sensor 2, 5 and 8 Response Map showing NTL
(right) and NTW (left).
236
Figure D.8: Ridley College, Bearham Lawn Sensor 3, 6 and 9 Response Map showing NTL
(right) and NTW (left).
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